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Preface

It has been a while since a comprehensive review of the status of Hemoglobin-
Based Oxygen Carriers (HBOCs) has been assembled. Indeed, the field in many
ways has become orphaned as clinical and technologic advances in blood banking
and the management of anemia move forward. Spurred on in the early 1980s with
the onset of AIDS, HBOC development was rich and productive, an alternative to
risky red cell transfusions. This led to a more modern approach to red cell
transfusion and HBOCs were more or less relegated to specific applications as
“oxygen therapeutics”. All the while of course, there continued a need for an
oxygen therapeutic if only for use when blood was neither an option nor available.
Clinical trials with a number of HBOCs went forward and all failed to produce
results sufficient to permit FDA regulatory approval. In the early part of the current
century it appeared as if there was no need for such a product and the regulatory
environment continued to be challenging.

We decided to bring the field up-to-date with the construction of this book.
Dedicated to HBOCs alone, our intention was to bring together in one place the
current status of the field, a starting point for those interested in joining in on the
adventure of discovery, a place for the veterans of the fight to read and reflect on
what was and thinking about creating “what can be”. We hold that there continues
to be a need for an oxygen therapeutic and that need can be met successfully with a
HBOC. In fact, there is an urgency to develop HBOCs as an alternatives to donor
blood for transfusion. Based on current world demographics, it has been predicted
that, in coming decades, there would be a serious shortage of transfusable blood
because of higher demands due to rapidly aging populations in many countries
while relative decrease in eligible younger donors.

The organization of this work is rather traditional, starting with an historical
overview and statement of scientific principles as the foundation for the products.
Moving onto a specific application in hemorrhagic shock is a natural development
as in addition to AIDS, it was and remains a clearly stated potential application. A
discussion of some of the current issues and regulatory framework rounds out the
establishment of a foundation for the rest of the book.

A rather large section discussing many of the newer and older approaches to
HBOC development follows. Here, the many different ideas for resolving some of
the questions posed by regulatory and experiential reports are addressed creating a
plethora of new modifications and processes as they move along. Clearly, the next
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viii Preface

step is to identify and catalog the potential applications for these products. While
the universe of potential applications exceeds those presented here, these are but a
few specifics linked to unique HBOCs. There are many more possible, a near
endless list could be generated.

There follows a section on preclinical evaluation, a critical step in the regu-
latory process. Here again, generalizations from specific applications and products
form the reference model. In the background remains the issue of how appropriate
and useful are animal models in the development of human-use products and we
are aware of many HBOC preclinical studies that may not be relevant to how
humans will respond to the product given the variation in human physiology and
disease state.

As the failure of clinical trials has been the major blockade to regulatory
approval it seems appropriate to include commentary on this issue. There are
critical questions posed in these writings that should be considered when con-
templating HBOC clinical trials. As a corollary to a discussion of clinical trials, a
section on the adverse events so critical to gaining an understanding of how they
come about and more importantly how they can be mediated or prevented is a
logical follow-on.

We think this discussion is critical to understanding how HBOCs work, how
their use to date in general, and in trials specifically as well as in compassionate
use situations. There are many reasons for an adverse event to appear and it is not
always clear in the rigid analysis of data from a randomized trial that the HBOC is
responsible for the observation.

To that end, we conclude with a white paper that proposes a consortial approach
to facilitate development of safer and more effective HBOCs. A HBOC research
consortium composed of committed independent investigators would allow
objective investigations of critical issues based on unbiased scientific principles
and methods.

This book is meant to bring an up-to-date perspective to the HBOC field, a
reference for where the field stands at this point in time. It is our sincere hope that
it accomplishes this objective and meets your specific needs.

Sincerely,

October 2013 Hae Won Kim
A. Gerson Greenburg
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Chapter 1

From Hemoglobin Based Oxygen Carrier
to Oxygen Therapeutics, Blood
Substitutes, Nanomedicine and Artificial
Cells

Thomas Ming Swi Chang

1.1 Introduction

Hemoglobin (Hb), a tetrameric protein, is responsible for the transport of oxygen
in Red Blood Cells (RBC) (Perutz 1980). Attempts to use hemolysate (Amberson
1937) and stroma-free Hb as Hb based oxygen carrier (Rabiner et al. 1967)
resulted in nephrotoxicity and cardiovascular adverse effects (Savitsky et al. 1978).
Thus, nanobiotechnological modification is needed before it can be used (Chang
1964)

1.1.1 Artificial Red Blood Cell

The first artificial RBC that contains Hb and RBC enzymes (Fig. 1.1) have oxygen
dissociation curve similar to RBCs, since 2-3-DPG is retained inside (Chang 1957,
1964). Hb stays inside as tetramers and RBC enzymes like carbonic anhydrase and
catalase retain their activities (Chang 1964, 1972). These artificial RBCs do not
have blood group antigens on the membrane and therefore do no aggregation in the
presence of blood group antibodies (Chang 1972). However, the single major
problem was the rapid removal of these artificial cells from the circulation.
Nanobiotechnology based soluble complex was therefore investigated to increase
the circulation time.

T. M. S. Chang (X))

Director, Artificial Cells and Organs Research Centre Departments of Physiology,
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Fig. 1.1 Micro dimension artificial RBC with ultrathin nylon-protein membrane from Chang
1965

1.1.2 First Generation Hemoglobin Based Oxygen Carriers

The first nanobiotechnology approach reported is the crosslinking of Hb into
ultrathin polyhemoglobin (PolyHb) membrane with nanodimension thickness
(Chang 1964, 1965, 1972) (Fig. 1.2). This is used to form the membrane of arti-
ficial RBCs (Chang 1964, 1965, 1972). If the emulsion is made very small, then
the whole submicron artificial cells can be crosslinked into PolyHb of nanodi-
mension. Glutaraldehyde can crosslink Hb into soluble PolyHb each consisting of
an assembly of 4-5 Hb molecules (Chang 1971) (Fig. 1.2). Crosslinking of Hb into
PolyHb includes both intermolecular and intramolecular crosslinking. Bunn and
Jandl (1968) chose to do only intramolecular crosslinking of a single Hb molecule.
Sebacyl chloride crosslinks hemoglobin and diamine to form polyamide conju-
gated hemoglobin (Chang 1964, 1972) (Fig. 1.2). An useful extension of this is the
crosslinking of single protein molecule to soluble polymers like dextran (Wong
1988) and polyethylene glycol (PEG) (Park et al. 1981) (Fig. 1.2).



1 From Hemoglobin Based Oxygen Carrier to Oxygen Therapeutics 5

NANOBIOTECHNOLIGCIAL COMPLEX

POLYHEMOGLOBIN{PolyHb)
1964 Chang, diacid (Science)
1971 Chang glutaraldehyde (BBC)

CONJUGATED HEMOGLOBIN
. 1964 Chang polyamide (Science)
r‘ —‘f\_\’t \f /' 1965 Chang polyamide (PhD thesis)
! / 1968 Wong et al dextran
A Ny /\‘I 1970 Davis et al polysthylene glycol
Figure from Chang 1965

Fig. 1.2 Upper left basic method of using bifunctional agents to assemble and crosslink Hb into
PolyHb. Upper right soluble complex of PolyHb. Lower left basic method of conjugating Hb to
polymer. Lower right conjugation of Hb to polyamide, soluble dextran or PEG (with copyright
permission from Chang 2007 Monograph on Artificial Cells)

1.1.3 Little Interest Until It was Too Late When HIV
Contaminated Donor Blood Arrived

It was thought by many that blood substitute was a simple matter to develop
without the need for basic research. Thus, there was little or no interest in blood
substitutes at that time. As a result, researchers had to channel their major research
effort into other areas (Chang 1964, 1972, 2005, 2007, 2009-2013). It was only
when the HIV contaminated donor blood crisis came in the 1980s that intense
interest started to focus on blood substitutes. Concerned researchers and industries
then placed maximal effort into solving this urgent need. Unfortunately, without
the needed basic research and basic knowledge, development of blood substitutes
had to be done by trial and error. Furthermore, the urgent need was such that the
simplest and shortest route was chosen, in the form of simple oxygen carriers like
Hb based oxygen carrier.
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1.2 First Generation Hemoglobin Based Oxygen Carriers
1.2.1 Four Common Types

The four types of most commonly studied first generation Hb based oxygen car-
riers are shown in Figs. 1.3 and 1.4. These are PolyHb, conjugated Hb, intramo-
lecularly crosslinked tetrameric Hb and recombinant Hb.

1.2.2 PolyHb for Use as Oxygen Carrier for Transfusion

The 1971 basic principle of glutaraldehyde crosslinked PolyHb (Chang 1971)
(Fig. 1.2) has been independently developed most extensively by centers around
the world (Dudziak and Bonhard 1980; DeVenuto 1982; Keipert et al. 1982;
Keipert and Chang 1987; Segal et al. 1983; Moss et al. 1988; Gould et al. 1995;
Pearce and Gawryl 1998). Unlike RBCs, there is no blood group, and thus PolyHb
can be given on the spot, without waiting for typing and cross-matching in the
hospital. They are also free from infective agents such as HIV, hepatitis C, bac-
teria, parasites and so on. Whereas donor blood has to be stored at 4 °C and is only
good for 42 days, PolyHb can be stored at room temperature for more than one
year. Thus, PolyHb can have important uses in a number of clinical conditions.

The following is a summary of the recent ongoing research, development and
clinical use.

1.2.3 Glutaraldehyde Crosslinked Human PolyHb

Gould and Moss started the Northfield Laboratory to develop glutaraldehyde
crosslinked human PolyHb (Sehgal et al. 1983; Moss et al. 1988; Gould et al. 1995).

Fig. 1.3 First generation Hb 1% Generation modified hemoglobin {1 reports!
based oxygen carriers (with
copyright permission from
Chang 2007 Monograph on
Artificial Cells)

PolyHemoglobin [nanobiotechnology based)
1964 Chang (diacid)
1971 Chang (glutaraldehyde)

Conjugated Hb
1964 Chang (polyamide)
=— 1968 Wong [dextran)
1970 Abuchowski & Davis (PEGylation)
1980 Iwashita [polyethylene glycol)

Crosslinked tetrameric Hb
1968 Bunn & Jandl
1979 Walder (diaspirin)

Recombinant Human Hb
1990 Hoffman
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Fig. 1.4 Left Stabilized tetrameric Hb is small enough to cross intercellular junction and remove
interstitial nitric oxide resulting in vasoconstriction. However this will not happen if stabilized
tetrameric Hb has been modified to prevent NO removal. Right PolyHb and conjugated Hb are
large enough so they cannot cross the intercellular junction to cause vasoconstriction. Exceptions
are in endothelial dysfunction or those preparations that contain substantial amount of tetrameric
Hb—unless modified to prevent removal of nitric oxide (with copyright permission from Chang
2007 Monograph on Artificial Cells)

Their clinical trial shows that this can replace blood lost in trauma surgery by
keeping the blood Hb at an acceptable level (Gould et al. 2002). This clinical trial
on 171 patients showed that this product can successfully replace extensive blood
loss in trauma surgery by maintaining the Hb level at the 8—10 g/dl needed for safe
surgery with no reported side effects. More recently, they have carried out clinical
trials on its used in pre-hospital emergencies since no typing and cross-matching is
needed and it can be used right on the spot. This clinical trial involves giving this in
the ambulance to about 700 hemorrhagic shock patients shows that PolyHb can
maintain the patient for 12 h after reaching the hospital. In the control group, most
of the patients need blood transfusion on reaching the hospital (Moore et al. 2009).

1.2.4 Glutaraldehyde Crosslinked Bovine PolyHb

Bing L, Wong and Carl Rausch were the cofounders of Biopure to start work in this.
Recent overviews of the development and extensive clinical trials are available
(Pearce and Gawryl 1998; Jahr et al. 2008; Greenburg et al. 2008; Greenburg 2013).
For example, they have carried out multicenter, multinational, randomized, single-
blind, RBC-controlled Phase III clinical trials in patients undergoing elective
orthopedic surgery. A total of 688 patients were randomized 1:1 to receive either
the PolyHb or RBC at the time of the first perioperative RBC transfusion decision
and 59.4 % of the patients receiving PolyHb required no RBC transfusion all the
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way to follow up and 96.3 % avoided transfusion with RBC on the first postop-
erative day and up to 70.3 % avoided RBC transfusion up to day 7 after. Russia and
South Africa have approved this for routine clinical uses in patients.

1.2.5 Other Sources of Hemoglobin for PolyHb

In addition to Hb from outdated human donor blood, bovine Hb, as mentioned
above is another source (Feola et al. 1983; Wong et al. 2011). Other sources of Hb
have also been used for PolyHb. These included, for example, preclinical studies
on porcine Hb (Zhu et al. 2007; Zhu and Chen 2013) and Hb from human placental
blood (Li et al. 2006). These two groups have carried out extensive laboratory and
preclinical studies. Other possible sources of Hb include recombinant Hb
(Hoffman et al. 1990), marina Hb (Rousselot et al. 2006) and others.

1.2.6 Conjugated Hemoglobin

In the presence of diamine, sebacyl chloride crosslinks Hb with polyamide to form
conjugated Hb (Chang 1964, 1965) (Fig. 1.2). An extension of this is the cross-
linking of single Hb molecule to soluble polymers like dextran (Wong 1988; Tam
et al. 1976) or PEG (Abuchowski and Es 1977; Iwashita 1992; Yabuki 1990;
Shorr, Viau and Abuchowski 1996; Li 2005; Winslow 2006; Liu and Xiu 2008;
Seetharama et al. 2013) (Fig. 1.3). PEG-Hb shares many of the advantages of
PolyHb as described above. More details are available in other later chapter.
Clinical trials are ongoing for two types of PEG-Hb (Winslow 2006; Li 2005; Liu
and Xiu 2008). A Double-Blind, Randomized, Multicenter Study of MP4OX has
been reported (Van der Linden et al 2011).

1.2.7 Stabilized Tetrameric Hb and Other Factors

In addition to glutaraldehyde crosslinked PolyHb and conjugated Hb there are
other ways of modifying Hb (Fig. 1.3). These include intramolecularly crosslinked
tetrameric Hb (Walder 1979; Przybelski et al. 1996; Burhop and Estep 2001),
recombinant human Hb (Looker 1992; Shoemaker 1994). Some have resulted in
adverse effects like vasoconstriction in clinical trials. This has led to the proposal
that the intercellular junctions of the endothelial lining of vascular wall allow
tetrameric Hb to enter into the interstitial space. There, Hb acts as a sink in binding
and removing nitric oxide needed for maintaining the normal tone of smooth
muscles. This results in the constriction of blood vessels and other smooth muscles
especially those of the esophagus and the GI tract (Fig. 1.4). However, this can be
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avoided if nitric oxide removal is prevented by a specially designed recombinant
Hb (Doherty et al. 1998) or a modified form of stabilized intramolecularly
crosslinked Bovine Hb (Wong and Kwok 2011) or by the administration of nitric
oxide (Yu et al. 2010; Zapol 2012).

Even PolyHb, for example raffinose polymerized Hb (Hsia et al. 1992), that
contains more than 30 % tetrameric Hb can have some vasoconstriction effects.
Those PolyHb or conjugated Hb that contain high levels of uncrosslinked Hb or
low molecular weight PolyHb could also have adverse effects (Kim and Greenburg
1997; Chang 1997, 2007; Bucci 2011, 2013) (Fig 1.4). There are also other factors
including pathological characteristics of patients, like endothelial dysfunction (Yu
et al. 2010). Furthermore, the design of preclinical and clinical study is compli-
cated (Greenburg and Kim 1992; Zuck 1994; Fratantoni 1994; Klein 2000; Chang,
1997, 2007; Winslow 2006; Greenburg 1992, 2008, 2013). As mentioned earlier,
vasoconstriction can be avoided if nitric oxide removal is prevented by a specially
designed recombinant Hb (Doherty et al. 1998) or a modified form of stabilized
intramolecularly crosslinked Bovine Hb (Wong and Kwok 2011) or by the
administration of nitric oxide (Yu et al. 2010; Zapol 2012).

In medicine, nothing can be considered to be a “cure all”. First generation Hb
oxygen carriers are suitable for many clinical conditions especially in patients with
no endothelial dysfunction or as discussed below in patients with no sustained
ischemia or elevated tissue pCO2. Thus, one cannot attempt to combine the
clinical trial results of different types of Hb based blood substitutes and different
clinical conditions into a single meta-analysis as has been done (Natanson et al.
2008). First generation Hb based oxygen carrier is like penicillin that is a good
basic method for use in many conditions. However, as for penicillin, with expe-
rience gained from clinical results, new generations need to be developed to
complement and supplement the first generation. However, there is no reason to
use a more complicated and more expensive new generation system if the clinical
conditions can be treated safely and effective using the first generation ones.

1.3 New Generations

1.3.1 Nanobiotechnology to Assemble Hemoglobin
with Antioxidant Enzmyes

In heart attack or stroke due to arterial obstruction, RBCs, being 7 micron in
diameter, cannot go through the obstruction (Fig. 1.5). PolyHb being in solution,
can more readily go through the obstruction to supply the needed oxygen
(Fig. 1.5). However, this has to be done early since if there is much delay, PolyHb
alone might result in the production of oxygen radicals that can cause tissue injury
(ischemia reperfusion injuries). As mentioned above PolyHb is also ideal for use in
hemorrhagic shock since it can be given on the spot. Here again there is a window
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PolyHb PolyHb-SOD-CAT
(Chang 1964,1971) (D'Agnillo & Chang 1998)

ARTERIAL OBSTRUCTION: STROKE, INFARCTION, ETC

Red blood eeui .‘75 :;cl;la;lrc' "

=) Supply oxygen, but

poryrb-son-cATEm ply oxygen, and

solution £ :I i Remove oxygen radicals

Fig. 1.5 Arterial obstruction from the narrowing of artery can result in Stroke and heart attack.
RBCs being 7-8 micron in diameter have difficulty flowing through obstructed vessels to supply
the needed oxygen. PolyHb being a solution can perfuse through to supply the needed oxygen.
However, if oxygen lack is prolonged, reperfusion with an oxygen carrier can release damaging
oxygen radicals. One possible solution is to use PolyHb-SOD-CAT that has the dual function of
an oxygen carrier and the ability to remove oxygen radicals (with copyright permission from
Chang 2007 Monograph on Artificial Cells)

of safety since ischemia reperfusion injury can result if there is much delay. Even
antioxidant enzymes normally present in RBCs are not enough to prevent this
problem in severe sustained hemorrhagic shock (Biro et al. 1995).

We therefore design a soluble nanobiotechnological complex of PolyHb con-
taining two RBC antioxidant enzymes, superoxide dismutase (SOD) and catalase
(CAT) in the form of PolyHb-SOD-CAT (D’ Agnillo and Chang 1998) (Figs. 1.5 and
1.6) In this form the SOD and CAT can be enhanced to be much higher than those in
RBCs. Thus in a rat stroke model, after 60 min of ischemia, reperfusion with PolyHb
resulted in significant increase in the breakdown of the blood—brain barrier and an
increase in brain water (brain edema) (Powanda and Chang 2002). On the other
hand, PolyHb-SOD-CAT did not result in these adverse changes (Powanda and
Chang 2002) (Fig. 1.6). Ischemia—reperfusion injury in severe sustained hemor-
rhagic shock can result in damage to the intestine with leakage of E-coli or endotoxin
to the systemic circulation resulting in irreversible shock. Thus, we tested and found
that PolyHb-SOD-CAT can decrease oxygen radicals formation in a rat model of
intestinal ischemia reperfusion (Razack et al. 1997). Others have used this for
pancreatic beta cells in rats (Nadithe and Bae 2011a); for myocardial infarction
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Combined hemorrhagic shock and brain ischemia
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Fig. 1.6 Different fluids were infused after 90 min of combined hemorrhagic shock and brain
ischemia. Brain edema was followed. PolyHb-SOD-CAT treated animals did not have any brain
edema. On the other hand, PolyHb or free solution of Hb, SOD and CAT caused significant
increases in brain edema (From Powanda and Chang 2002 with copyright permission from
J. Artificial Cells, Blood Substtutes and Biotechnology)

attenuation in rats (Wang et al. 2012) and rat kidney transplantation from Korea
(Chang et al. 2004). Hsia extended the PolyHb-SOD_CAT approach to prepare a Hb
with synthetic antioxidant based on the covalently binding of nitroxides (Buehler
et al. 2004; Ma and Hsia 2013). In another approach, using his background on the
subject (Alayash 2004), a Hb-haptoglobin complex can also be used to protect
against oxidative stress (Jia 2013). Another one is Arenicola marina Hb (Rousselot
et al. 2006) with antioxidant activity. Simoni et al. (1997) added a pharmacological
solution with antioxidant function to their modified Hb. More details will be
available by these authors in later chapters.
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Fig. 1.7 Hemorrhage shock rats maintained at a mean arterial blood pressure of 30 mm Hg. The
tissue pCO2 increases steady with time. Reinfusion of different fluids shows that lactated Ringer
salt solution or PolyHb did not lower the tissue pCO2 as much as blood or PolyHb-SOD-CAT-
CA. The later is even more effective than blood. (From Bian et al. 2013a with copyright
permission from J Artificial Cells, Nanomedicine and Biotechnology)

1.3.2 Nanobiotechnology to Assemble Hemoglobin
with Superoxide Dismutase, Catalase and Carbonic
Anhydrase Resulting in a Carrier for Both Oxygen
and Carbon Dioxide with Enhanced Antioxidant
Activity

PolyHb-SOD-CAT is an oxygen carrier with enhanced antioxidant properties.
Since RBCs also carry out the important function of transport of carbon dioxide
from tissue to the lung for excretion, do we need this component? Sims et al.
(2001) used a novel microelectrode to measure tissue pCO2 in animal model of
severe hemorrhagic shock. He shows that mortality is related to the elevation of
tissue pCO2. The enzyme carbonic anhydrase (CA) in RBC is the major means for
the transport of tissue CO, to the lung. We therefore use the nanobiotechnological
method to assemble CA with Hb and antioxidant enzymes to form PolyHb-SOD-
CAT-CA (Bian et al. 2011). Our recent study in a rat hemorrhagic shock model
shows that this is more efficient than RBC in lowering the elevated pCO2 level in
the tissue in a hemorrhagic shock rat model (Bian et al. 2013a) (Fig. 1.7).
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1.3.3 Stability of PolyHb-Enzymes Nanobiotechnology
Complexes

One obvious question is how stable are these type of PolyHb-enzymes complexes.
Unlike PolyHb, the enzyme component may not be sufficiently stable with storage
especially in room temperature and hot climate. Our very recent study shows that
freeze-dried powder preparation of PolyHb-SOD-CAT-CA is stable with very
long-term storage at —80 and 4 °C. It is also very stable at room temperature and
even at 37 °C when compared to the solution Bian, Yang and Chang (2013). The
freeze-dried powder is much easier for storage since it takes up little space also
being very light and compact, it is easy for transportation. This is especially
important for emergency, disasters or war.

1.3.4 Nanobiotechnology to Assemble Hemoglobin
and Fibrinogen into an Oxygen Carrier with Platelet-
Like Activity

PolyHb can replace the Hb level in very severe hemorrhage, but platelets also need
to be replaced (Gould et al. 2002). We studied this in a rat model and found that
replacing more than 80 % of the total blood volume with PolyHb leads to defects
in blood clotting (Wong and Chang 2007) (Fig. 1.7). We use nanobiotechnology to
assmble Hb with fibrinogen to form PolyHb-fibrinogent (Wong and Chang 2007).
Using this, we can replace up to 98 % of the total blood volume with PolyHb-
fibrinogen without causing clotting problems (Wong and Chang 2007) (Fig. 1.8).

EXCHANGE TRANSFUSION IN RATS
(Weng and Chang JACBAE 2007)
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Fig. 1.8 Exchange transfusion in rats. There is clotting problem when more than 80 % of blood
has been exchanged with PolyHb. There is no problem with clotting when 98 % of the blood is
replaced with PolyHb-fibrinogen with platelet-like activity (From Wong and Chang, 2007 with
copyright permission from J. Artificial Cells, Blood Substitutes and Biotechnology)
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Fig. 1.9 Unlike RBC, PolyHb and PEG-Hb can better perfused the microcirculation of tumours.
This increases the low oxygen tension in tumour and thus increases their sensitivity to radiation
and chemotherapy. PolyHb-tyrosinase combine this effect with the removal of tyrosine needed for
the growth of melanoma (with copyright permission from Chang 2007 Artificial Cells)

1.3.5 Hemoglobin Based Oxygen Carriers in the Treatment
of Cancer

Abnormal microcirculation in tumour leads to decrease in perfusion by oxygen
carrying RBCs. PolyHb can more easily perfuse the abnormal microcirculation
of tumours to supply oxygen needed for chemotherapy or radiation therapy
(Robinson et al. 1995; Teicher 1995) (Fig. 1.9). Thus, PEG conjugated Hb has
been used this way (Han et al. 2012; Shorr et al. 1996). PolyHb also decreases the
growth of tumour and increases the lifespan in a rat model of gliosarcoma brain
tumour (Pearce and Gawryl 1998).

We have crosslinked tyrosinase with Hb to form a soluble PolyHb-tyrosinase
complex (Yu and Chang 2004) (Figs. 1.9, 1.10). This has the dual function of
supplying the needed oxygen and at the same time lowering the systemic levels of
tyrosine needed for the growth of melanoma. Intravenous injections delayed the
growth of the melanoma without causing adverse effects in the treated animals (Yu
and Chang 2004) (Fig. 1.10). Our more recent study include the use of PLA and
PEG-PLA membrane nano artificial cells containing polyHb-tyrosinase (Furstier
and Chang 2012; Wang and Chang 2012).
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Fig. 1.10  Effects of daily intravenous injection of PolyHb-tyrosinase on tumor growth of
B16F10 melanoma in mice. (i) sham control: no intravenous injection; (ii) saline control: (iii)
PolyHb-tyrosinase group (with copyright permission from Chang 2007 Monograph on Artificial
Cells)

1.4 Nanodimension Complete Artificial Red Blood Cells
1.4.1 Early Artificial Red Blood Cells

The first artificial RBCs (Fig. 1.1) have all the in vitro function of RBCs as shown
by oxygen dissociation curve (Chang 1957), carbonic anhydrase activity (Chang
1964) and catalase activities (Chang and Poznansky 1968). These artificial RBCs
do not have blood group antigens on the membrane and therefore do no aggre-
gation in the presence of blood group antibodies (Chang 1972). However, the
single major problem is the rapid removal of these artificial cells from the cir-
culation. Much of the studies since that time are to improve survival in the cir-
culation by decreasing uptake by the reticuloendothelial system. Since removal of
sialic acid from biological RBCs resulted in their rapid removal from the circu-
lation (Chang 1965, 1972), we started to modify the surface properties on artificial
RBCs. This included synthetic polymers, negatively charge polymers, crosslinked
protein, lipid—protein, lipid—polymer and others (Chang 1965, 1972). As discussed
below, artificial RBCs have since been extensively explored by many researchers
around the world. These include Beissinger, Bian, Chang, Farmer, Gao, Hunt,
Kobayashi, Lee, Mobed, Nishiyia, Rabinovic, Rudolph, Sakai, Schmidt, Sinohara,
Szebeni, Takeoka, Tsuchida, Takahashi, Usuba and many others.
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1.4.2 Bilayer Lipid Membrane Nano Artificial RBC

Bangham (1965) reported the preparation of liposomes each consisting of micro-
spheres of onion like concentric lipid bilayers—multi-lamellar. This was initially
used as membrane models in basic research. The large amount of lipid in the multi-
lamellar liposome limits the amount of water-soluble drugs that can be enclosed.
Thus, the basic principle and method of preparing artificial cells using ether as the
dispersing phase (Chang 1957, 1964) was extended by into what they call an “ether
evaporation method” to form single bilayer (unilamellar) lipid membrane liposomes
for drug delivery (Deamer and Bangham 1976). Using an extension of this a major
progress is the preparation of submicron lipid membrane artificial RBC (Djordjevich
and Miller, 1980; Farmer et al. 1988; Philips et al. 1999; Rudolph 1994; Kobayashi
et al. 2005; Tsuchida et al. 2006; Sakai 2013). By the addition of PEG to the lipid
membrane, the circulation time has been increased to a half time of about 36 h in rats
(Philips et al. 1999). These advances make it now possible to scale up for detailed
preclinical studies towards clinical trial (Tsuchida 1998; Kobayashi et al. 2005;
Sakai 2013). The uptake is mainly by the reticuloendothelial system. It is possible to
replace 90 % of the RBCs in rats with these artificial RBCs (Tsuchida 1998; Ko-
bayashi et al. 2005; Sakai 2013). The animals with this percentage of exchange
transfusion still remain viable. Studies also reported effectiveness in hemorrhagic
shock. There are no changes in the histology of brain, heart, kidneys and lungs of
rats. More details will be available in a later chapter by these authors.

1.4.3 Nanodimension Biodegradable Polymeric Artificial
Cells

Using a modification of this author’s earlier method of micron dimension biode-
gradable polymeric membrane artificial cells (Chang 1976) we have prepared
biodegradable polymeric membrane nano dimension PLA artificial RBCs (Chang
1997, 2007; Chang et al. 2003; Yu and Chang 2004). This decreases the amount of
lipid needed for the nano artificial cells. Polymer membrane is stronger than

Fig. 1.11 Amount of MEMBRANE MATERIAL
membrane material in Hb
lipid vesicles compared to
PLA nano RBCs (with

copyright permission from

| lipid

I biodegradable polymer
Chang 2007 Monograph on
Artificial Cells '

HB LIPID VESICELS NANO ARTIFICIAL RBCs
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bilayer lipid and a thinner polymer membrane can be used. Figure 1.11 shows the
amount of membrane material in Hb lipid vesicles compared to PLA nano RBCs.

Polylactide membrane in PLA nano RBCs is biodegradable into lactic acid and
finally water and carbon dioxide and thus is not retained in the reticuloendothelial
system (Fig. 1.12). Lactic acid in 500 ml of PLA nano artificial RBC is 83 meq/
500 ml compared to resting body production of lactic acid of 1,200 meq/day and a
maximal body removal capacity for lactic acid of 7,860 meq/day (Fig. 1.12).

These nano artificial RBC of 80-150 nm contain all the RBC enzymes and can
convert methemoglobin to Hb (Chang et al. 2003) (Fig. 1.13). The membrane is
not permeable to larger molecules, but freely permeable to small molecules like
glucose and reducing agents from plasma. In vitro study shows that when incu-
bated at 37 °C MetHb increases quickly (Fig. 1.13). Addition of a reducing agent,
ascorbic acid prevents the increase in MetHb. Addition of glucose and NADH
allows the Embden Meyerhof enzyme system in the nano artificial RBC to
decrease MetHb further (Fig. 1.13).

Our studies show that using a polyethylene-glycol-polylactide copolymer
membrane we are able to strengthen the membrane and increase the circulation
time of these nano artificial RBCs to double that of PolyHb (Fig. 1.14) (Chang
et al. 2003). The result of other groups support these findings (Zhang et al. 2008;
Sheng et al. 2009). We also reported that infusion of 1/3 blood volume into rats did
not have any adverse effects on the kidney (Liu and Chang 2008a) or the liver (Liu
and Chang 2008b) on a long term basis.

Further studies show that one infusion with a volume of 1/3 the total blood
volume, did not result in adverse effects on the biochemistry and histology of the
kidney (Liu and Chang 2008a) or liver and spleen (Liu and Chang 2008b). Our
most recent study uses PEG-PLA membrane nano artificial cells containing
PolyHb-catalase-superoxide dismutase-carbonic anhydrase in a hemorrhagic shock
rat model with 2/3 of the blood removed. After one hour of hemorrhagic shock at
30 mmHg, infusion of this preparation effectively resuscitated the animal and
lowered the elevated tissue PCO2 (Wei et al. 2013).
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Fig. 1.13 Left Biodegradable polymeric membrane nano artificial RBC contains Hb and all the
enzymes of RBC. The membrane is not permeable to larger molecules, but freely permeable to
glucose and reducing agents from plasma. Right When incubated at 37 °C MetHb increases
quickly. Addition of a reducing agent, ascorbic acid prevents the increase in MetHb. Addition of
glucose and NADH allows the Embden Meyerhof enzyme system in the nano artificial RBC to
decrease MetHb further (with copyright permission from Chang 2007 Monograph on Artificial
Cells)
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Fig. 1.14 Comparison of the maximal systemic non-RBC Hb reached after infusion of different
preparations and the time to reached a given non-RBC Hb level. The time for PolyHb-17 to reach
a non-RBC Hb level of 1.67 gm/dl is 14 h in rats equivalent to 24 h in human. The time for
different types of nano artificial RBCs to reach this non-RBC Hb concentration is used to
calculate the equivalent time for human (Chang et al. 2003) (with copyright permission from J
Artificial Cells, Blood Substitutes and Biotechnology)
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1.4.4 Possible Variations in the Membrane of Nano Artificial
RBC

Hb lipid vesicles are bilayer membrane nano artificial RBCs containing Hb
(Adding PEG to the bilayer lipid membrane greatly increased the circulation time.
These PEG-lipid vesicles are more like the lipid—polymer membrane artificial cells
(Chang 1972) and are no longer pure lipid vesicles. Discher’s group (Photos et al.
2003) tried to increase the strength of the PEG-lipid membrane artificial cells by
using self-assembling of block copolymers. PEG was the hydrophilic block and
polyethylene or polybutadiene (PB) was the hydrophobic block. This significantly
increased strength when compared to PEG-lipid membrane artificial cells. This so-
call polymersomes are PEG-PB nano artificial RBC similar to PEG-PLA nano
artificial RBC. Thus, polymeric membrane artificial cells have branched off into
multilamellar liposome that then has evolved into lipid membrane artificial cells,
then polymer-lipid membrane artificial cells, and finally back to the polymeric
membrane artificial cells that are now called by different names including poly-
mersomes, nanocapsules, nanoparticles, vesicles and others.

1.5 Stem Cells for Blood Substitutes

Some feel that we should depend on stem cells to prepare RBCs. This may be
useful for platelets and leucocytes since only small amounts are needed. Even
then, platelets, unlike nanobiotechnological derived ones, has extremely short
storage life. In the case of RBCs, despite much research, it is still not possible to
scale this up sufficient for the large volume of RBC needed (Mazurier et al. 2011).
When scale up becomes a reality, this will be an important source of RBC for
many clinical conditions. However, these RBC will still have many of the same
problems of RBC. These include:

e RBCs need refrigeration but still have a short storage time at 4 °C of less than
42 days. PolyHb can be stored in room temperature for more than 1 year.
Freeze-dry powder of PolyHb and PolyHb-enzyme has even longer stability.

e RBCs cannot be freeze-dried into powder form. HBOCs in the freeze dry form
are light and compact with ease of transport and storage for emergency, major
disaster or war.

e Unlike RBCs, HBOCs can better perfuse obstructed microcirculation as in
stroke, heart attack, ischemic limbs, sickle cell anemia and other conditions. It
can also better perfuse disturbed microcirculations as in tumour, hemorrhagic
shock and other conditions.

e Unlike RBCs, HBOCs can be enhanced with higher enzyme levels than RBCs to
be more effective against severe ischemia—reperfusion injury, fatal elevation of
tissue pCO2 and other conditions.
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e Nanobiotechnology can combine Hb with other enzymes and other bioreactants
for specially designed oxygen therapeutics.

1.6 Future Perspectives and Learning from Past
Experience

The first research on artificial cells was on artificial RBC (Chang 1957, 1964). Yet,
instead of blood substitutes, this research has led to extensive extensions and
development and medical uses and nonmedical uses in other areas. Examples
include nanomedicine, nanobiotechnology, nanotechnology, gene therapy, enzyme
therapy, cancer therapy, cell/stem cell therapy, regenerative medicine, liver sup-
port support systems, drug carriers, and even in agriculture, aquatic culture, fer-
mentation industry, food industry, nanorobotics, nanocomputers, energy
production and other areas (Chang 2007 and www.artcell.mcgill.ca). This is
unfortunate, since we are neglecting one of the most important area, blood sub-
stitutes and oxygen therapeutics. What are the reasons for this neglect?

There was no blood substitute to replace HIV contaminated blood in the 1980
crisis. Large number of patients receiving donor blood were infected with HIV and
died. During this time there was a short period of increase support for basic
research and development around the world. Unfortunately we human have short
memory and many have forgotten the major disaster that we have encountered and
major support for blood substitutes has disappeared after a few years. It is unbe-
lievable that many still think that blood substitute is a simple matter that can be left
alone until there is an urgent need. Others think that stem cell derived blood can
solve all the problems, but as discussed above, this is not the case. Whatever the
excuse, there is little or no interest in supporting blood substitutes research and
development at present. Are we waiting again for another crisis to come before
repeating our error of doing catch up research and development? The industries
have done their best. They have to find their own resources to carry the impossible
task of doing everything in basic research, applied research, preclinical studies and
clinical trials. With the lack of sufficient resources and with the lack of basic
knowledge in this area they have been forced to do trial and error type of R&D
with resulting delays and some failures and loss of revenue. Many companies have
since given up this impossible endeavor. Without sufficient resources and support
for academic basic research and industrial development around the world,
development of blood substitutes will continue to be done by trial and error.
Furthermore, only the simplest and shortest route will be chosen despite the many
possible new generations that are available.

Enormous amount of resources have been placed into basic research and
developments on cancer, rare genetic diseases, molecular biology, organ failure
and other areas with far less clinically useful results. With far less support, ded-
icated researchers and developers have persisted beyond any expectation to come
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out with clinically useful first generation blood substitutes one of which, PolyHb,
has been approved for routine clinical uses in South Africa and Russia. There are a
number of others and possible new generation HBOCs. As discussed earlier, first
generation Hb oxygen carrier appears to be safe and effective for many clinical
conditions. There is no reason to use more complex or more expensive systems in
these cases. However, it is not a “cure all” for all clinical conditions. Much
research needs to be carried out to study the types of patients who are suitable for
this. For instance, we now know that they are not for patients with endothelial
dysfunction. They are not for patients with “sustained” ischemia especially if
associated with extensive elevation in tissue pCO2. There is nothing in medicine
that can be considered as “cure all” and new generations HBOCs need to be
develop for those conditions that need these. Thus, much remains to be done
before first generation and new generations of blood substitutes can be widely used
in more clinical conditions (Liu and Xiu 2008; Mozzarelli 2010; Chang 2013).

Is it reasonable to expect that for blood substitutes, we should be able to come
out with a perfect blood substitute with little or no resources for academic and
industrial research and development? Should we wait for another crisis before
doing catch-up R & D that we now know will not work?
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Chapter 2
From the Atmosphere to the
Mitochondrion: The Oxygen Cascade

George P. Biro

2.1 Introduction

Oxygen is essential for energy metabolism whereby the energy trapped in
chemical bonds in food stuffs is transferred in a series of stepwise chemical
reactions to be available for all cellular functions in the form of high-energy
phosphate compounds (adenosine triphosphate and creatine phosphate). Whereas
there are energy-generating processes that do not require oxygen, their contribu-
tion to the total energy homeostasis is minimal and is of limited applicability.

Food stuffs in the form of carbohydrates and fats are utilized by glycolysis, fatty
acid oxidation and the citric acid (Krebs) cycle to generate initially the high energy
phosphate compounds NADH and FADH in mitochondria. These are energy-rich
because they contain a pair of electrons with high transfer potential. When these
electrons are transferred to oxygen, energy is liberated. This energy is trapped with
high efficiency in the form of ATP (adenosine triphosphate) by the process of
oxidative phosphorylation.

ATP is used in an enormous variety of biological processes comprising both
maintenance functions at the basal level (e.g. maintenance of cellular ion channels
and gradients) and in energy consuming processes involving external work (such
as muscular exercise). Because of the diversity of the intensity of the processes
involving external work of the organism, a wide range of energy requirements
need to be met. Hence, the oxygen transport system needs to deliver oxygen to
organs and cells at rates that accommodate the widely varying metabolic
requirements.

The requirements of the oxygen transport system from the atmosphere to all
organs, tissues, cells and mitochondria include (Pennock and Attinger 1968):
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1. The processes need to be energy-efficient such that work done by cardiac and
respiratory muscles is not wasteful and represents a relatively small proportion
of the organism’s total energy output.

2. The process needs to be sensitive to fluctuating demands of organs and cellular
metabolic activity.

3. The process needs to be responsive to varying metabolic demands of different
organs and be capable of matching distribution of blood flow regionally, to
various organs and cells according to their function and metabolic demands.

4. The process needs to be efficient in allowing oxygen to penetrate from blood to
metabolizing cells and to their mitochondria by diffusion (Pennock and Attinger
1968; Leach and Treacher 1992; Leach and Treacher 1998).

Various cells in various organs utilize oxygen at highly variable rates (Wagner,
Venkataraman et al. 2011), and total body oxygen consumption varies over a ten-
fold range from rest to maximal levels of exercise (Wagner 2011). The oxygen
transport system needs to respond accordingly. When the system fails to supply
oxygen to meet the prevailing demand, a state of hypoxia is said to exist. It can
take a variety of forms which will be explored below.

The whole system is schematically illustrated in Fig. 2.1.

2.2 The Components of the Oxygen Transport System

The oxygen transport system comprises the following consecutive processes
(Leach and Treacher 1992; Treacher and Leach 1998; Schober and Schwarte
2012):

1. Mass transport by active convection of atmospheric air from the environment to
the pulmonary alveolar spaces, powered by the contraction/relaxation cycling
of the respiratory muscles whose action is regulated mainly by the medullary
and pontine respiratory centers and peripheral chemoreceptors.

2. Passive diffusion across the alveolo-capillary membrane, through the plasma
and across the erythrocyte membrane and binding to hemoglobin (HGb)
“driven” by a partial-pressure gradient for oxygen (paO» — pcO»)."

3. Mass transport by active convection of blood from the alveolar capillaries and
the left heart through the vascular distribution system to all systemic capillaries,
and return to the right heart, powered by the contraction/relaxation cycling of
the myocardium, regulated by the autonomic nervous system, various hor-
mones, vasoactive peptides, prostanoids and nitric oxide (NO) and other local
vascular regulatory functions affecting the distribution of blood flow.

' The subscripts represent the following: A: alveolar; a: arterial; B: barometric; c: capillary;
H20: water vapor; v: venous.
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Fig. 2.1 Conceptual schematic of the oxygen transport system comprising the respiratory and
circulatory components. The figure includes some of the important, conventionally accepted values
of oxygen partial pressures, blood hemoglobin oxygen saturations and gross flow rates of air and
blood. In the respiratory system, alveolar ventilation, dead space and shunt components are shown.
The schematic illustrates four representative systemic vascular beds, including that of the coronary
circulation, showing its high extraction rates of oxygen extraction, and three other representative
vascular beds in which oxygen is consumed and extracted from the blood. The bottom vascular bed
illustrates one with major obstructions (e.g. atherosclerotic plaque) limiting its flow rates. The insert
at the bottom illustrates conceptually the decrements of pO2, oxygen saturation and oxygen content
along an idealized capillary under three sets of conditions: 1. normal perfusion; 2. limited perfusion
relative to the tissue’s oxygen consumption; and 3. inadequate perfusion resulting complete
depletion of oxygen before reaching the downstream end of the capillary, resulting in hypoxia of
some mass of cells. The abbreviations are: S: oxygen saturation, Q: cardiac output; V: ventilation;
VO2: oxygen consumption; subscripts: a: arterial; A: alveolar; v; venous; cs: coronary sinus. RA:
right atrium; RV: right ventricle; LA: left atrium; LV: left ventricle.

4. Passive diffusion from the capillary blood across the plasma membrane to the
interstitial space, across the cell membrane, throughout the cytoplasm, facili-
tated by myoglobin (MGb) where present, and into the mitochondria driven by
a partial pressure gradient for oxygen (mean capillary pO, — mean mitochon-
drial pO,).

There is a critical link between the convective and diffusive phases in the
respiratory processes and between the convective and diffusive phases in the
circulatory processes. This link is the oxy-hemoglobin equilibrium relationship,
represented by the oxygen dissociation curve of hemoglobin (ODC), illustrated in
Fig 2.2.

The physiological importance of the oxygen dissociation curve

Oxygen is dissolved in water governed by a simple linear relationship between
oxygen concentration and the partial pressure of oxygen to which the water is
exposed (Henry’s law). The solubility coefficient of oxygen in water at 37 °C is
0.03 ml/dL/mm Hg. Thus at normal sea-level atmospheric pO; is about 150 mm
Hg, this would result in oxygen concentration in water at body temperature of
about 4.4 mL/L (or in more conventional terms 0.44 mL/dL, or 0.44 volume %).
This would not permit survival of a human organism. The evolution of hemoglobin
with its ability to reversibly bind oxygen to its Fe* iron moiety represents an
enormous evolutionary adaptation to homeothermic existence and the ability to
meet a wide range of rates of oxygen delivery to meet demands. A more com-
prehensive exploration of the biochemistry of hemoglobin is presented in a later
chapter of this book by Mozzarelli.

Hemoglobin combines proteins (two alpha chains and two beta globin chains)
and four porphyrin rings each containing an iron atom within a hydrophobic
“pocket” and this arrangement greatly modifies the properties of the iron. When
hemoglobin is exposed to very high pO, all the oxygen binding sites become
oxygenated, i.e. binding oxygen molecules. When this occurs the hemoglobin
becomes “fully saturated” and each gram of hemoglobin binds 1.34 ml of oxygen;
this is said to be the “oxygen capacity” of hemoglobin. At the normal blood
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Fig. 2.2 A conceptual illustration of the oxygen dissociation curves of normal ([HGb] = 15 g/
dL) and anemic ([HGb]=7.5 g/dL) blood. Notice that under “normal” conditions at a given flow
rate 5 mL of oxygen can be extracted from 100mL of blood resulting in 25% desaturation at a
venous pO2 of about 40 mmHg (the presumptive “normal”). Notice also that in the case of
anemic blood the extraction of only 2.5 mL oxygen from 100 mL of blood will result in the
similar venous blood parameters as in the “normal” case. In order to extract 5 mL of oxygen from
100 mL of perfusing blood requires a lower venous end tissue pO2 and saturation; i.e. greater
desaturation. This would only be compensated for by increased blood flow. This is the
fundamental basis of the problem in anemia potentially resulting in tissue hypoxia.

hemoglobin concentration of 150 g/L (or more conventionally expressed as 15 g/
dL) blood fully saturated with oxygen has an oxygen concentration or content of
approximately 20 mL/dL. When the blood hemoglobin concentration changes, its
oxygen content also changes in proportion, but the oxygen capacity of each gram
of HGb remains the same. Exposure of HGb to lower pO, environments results in
the “detachment” of some of the oxygen bound, and this is governed by the
Oxygen Dissociation Curve (ODC).

Oxygen becomes bound to the iron in a sequential manner such that the binding
to the first iron atom promotes oxygen binding to the second, and so on, and that the
binding to the fourth iron atom requires a greater increment of pO,. The process of
unbinding is the exact reverse of this process. These phenomena underlie the
“sigmoid shape” of the oxy-hemoglobin dissociation curve (ODC). When oxygen
saturation is plotted against the pO, the curve is initially rising steeply but flattens
out as the pO, rises towards about 70 mm Hg or above, as shown in Fig. 2.1.

Two important advantages follow from this, namely that

1. When blood passes through the pulmonary capillaries it is exposed to the
normally high pO, prevailing in the alveoli (normally about 100 mm Hg at sea
level). This is sufficient to nearly fully saturate the hemoglobin. The fact that
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the ODC is quite flat in the alveolar pO, ranges means that even at lower than
normal alveolar pO,’s hemoglobin is only slightly desaturated. More impor-
tantly, the nature of the oxy-hemoglobin equilibrium relationship greatly
facilitates the diffusion of oxygen across the alveolar-capillary wall, because as
oxygen diffuses into the plasma, it immediately diffuses into the red cell where
it becomes avidly bound to HGb. As a result, the plasma pO, remains low and
there remains a large residual alveolar air-to-plasma pO, gradient while the
intra-erythrocytic pO, remains low, despite the fact that a substantial amount of
oxygen has been added to the HGb component. All of this favors the continuing
diffusion of oxygen from alveolar air to capillary plasma and to the red cell
HGD. Thus, far more oxygen can be loaded onto and transported by hemoglobin
than in simple aqueous solution in blood.

2. When blood passes through systemic capillaries which are surrounded by
actively metabolizing cells, this creates a low pO, environment. At these ranges
of pO, the ODC is quite steep and any small decrease in pO, results in large
decrement in oxygen saturation and release of oxygen first into the plasma and
then out to the tissue cells. Here the amplification of diffusion described above
is reversed. As oxygen leaves the plasma, pO, falls and that causes intra-
erythrocytic pO, to fall, as well; the steep part of the ODC ensures that a
relatively large volume of oxygen becomes detached from hemoglobin while
still keeping the intra-erythrocytic pO, relatively high. The oxygen exiting the
plasma phase is replaced by oxygen desaturation of the HGb within the red cell,
thereby maintaining the plasma phase pO, still high required for continued
outward diffusion of oxygen.

The “standard” oxyhemoglobin equilibrium relation (defined at T = 37 °C,
pH = 7.4 and pCO, = 40 mm Hg) is defined as the oxygen saturation of hemo-
globin at 50 %, known as the p50, or the oxygen saturation at the midpoint of the
saturation scale, or the pO, required to half-saturate HGb. The normal value is
approximately 27 mm Hg. The mathematical approximation of the ODC is the Hill
equation (see Eq. 2.6 below). While the shape of the curve remains unchanged, a
number of factors can modify the position of the curve by moving it horizontally
either to the right or the left along the pO, axis. This comes about because of a
quantitative change in the affinity of hemoglobin to oxygen. The important
physiological modifiers of the ODC are temperature, pH, CO, concentration
(pCOy) and the intra-erythrocytic concentration of organic phosphates, particularly
2,3-diphospho-glycerate (2,3-DPG). Increases in each of temperature, pCO, and a
decrease in pH result in a rightward shift, i.e. an increase in the pO, required to
half-saturate HGb, or an increase in p50, also referred to as decreased affinity. A
convenient mnemonic is that events occurring in exercising muscle result in a
rightward shift, namely hot, hacid, hypercapnic. The rightward shift results in
increased unloading at any given tissue pO, thereby rendering oxygen unloading
more efficient. It also results in a smaller disadvantage in pulmonary oxygen
loading, but this is usually obviated by improved ventilation and higher alveolar
oxygen tension.
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There is insufficient space for a full exploration of physiological importance of
the intra-erythrocytic allosteric regulator, 2,3-DPG.

The human red blood cell is uniquely adapted to fulfill a single function,
namely gas (oxygen, carbon dioxide, nitric oxide, etc.) transport in that it contains
neither a nucleus nor mitochondria. It is “chock full” of tightly packed HGb
molecules at a concentration of about 36 g/dL. Hence its energy metabolism
depends on glycolysis for the generation of organic phosphates. 2,3-DPG is an
intermediate product whose steady state concentration within the red cell is
determined by the activity DPG mutase and DPG phosphatase. There is high
affinity binding between beta chains of globin and 2,3-DPG. In the presence of a
high concentration of 2,3-DPG, a conformational change occurs within the HGb
molecule such that the p50 is increased. The range of the change in p50 that can be
induced by changes in 2,3-DPG concentration within the red cell is substantial,
15-34 mm Hg (Nunn 1987). Functionally, a change in p50 from 27 to 34 mm Hg
means that at a pO, of 40 mm Hg there is nearly 10 % greater desaturation of HGb
giving off about 1.6 ml/dL. more oxygen to the tissues (Murray 1976).

The effect of a reduction in intra-erythrocytic pH is partly mediated by a change
in 2,3-DPG concentration, by inhibition of DPG mutase and regulation of DPG
phosphatase, resulting in a rightward shift of increased p50.

An important distinction must be made between pO, and oxygen saturation on
the one hand and oxygen content on the other. As noted above, each gram of HGb
when fully saturated (high pO,) is capable of binding 1.36 mL of oxygen. This
implies that at the normal HGb concentration of about 15 g/dL blood contains
almost 20 mL oxygen/dL. In its passage through an hypothetical vascular bed that
takes up 5 mL of oxygen from each 100 mL of blood passing, the venous blood
oxygen content will be 15 mL/dL, the venous oxygen saturation will be 75 % (i.e.
[20-5]/20 x 100 %), and the venous pO, will be 40 mm Hg. However if the HGb
concentration is reduced to e.g. 7.5 g/dL, the oxygen capacity when saturated will
be about 10 mL/dL. In the same hypothetical example above, for example after
blood loss and replacement by an infusion of a crystalloid the extraction of 5 ml
oxygen/dL of blood passing venous blood oxygen saturation will be 50 %, pO,
will be about 27 mm Hg and tissue oxygen supply will be compromised. Thus, the
HGDb concentration will define the oxygen capacity and content of the blood, but
not the oxygen saturation which is defined exclusively by the ODC and the pO, to
which the blood is exposed. This is illustrated schematically in Fig 2.2. In fact, in
the example above, the physiological adaptation that ameliorates the potential
hypoxia is that the ODC is shifted to right thereby contributing some “extra”
oxygen unloaded at any given capillary blood pO,.

What are the physiological consequences in pathological states?

Bank blood stored at 4 °C rapidly loses its 2,3 DPG resulting in a leftward shift
and a p50 that may be as low as 15 mm Hg; under these circumstances oxygen
unloading in the tissues is quite difficult and it takes at least 24 h for the transfused
red cells to “rejuvenate” and to recover normal oxygen affinity. On the other hand,
anemia (either chronic or acute) is accompanied by a rise in intraerythrocytic 2,3-
DPG, resulting in a rightward shift with improved oxygen unloading in the tissues.



34 G. P. Biro

In the presence of severely reduced arterial pO, (as in high altitude or severe
pulmonary disease) the effects are mixed; the rightward shift impairs loading in the
lung, but promotes unloading in the tissues. In the presence of respiratory failure
and CO, retention the acidosis and hypercapnia causes a rightward, shift, but when
corrected to standard conditions the p50 and 2,3-DPG concentration revert to
normal. A number of, but by no means all, inherited hemoglobinopathies manifest
themselves by a conformational change in the globin chains and either a rise or fall
in p50. Sickle cell anemia is a special case because in addition to a change in its
oxygen affinity it combines dramatic changes in red cell membrane deformability
and fragility, crystallization of the hemoglobin and a specific vasculopathy.

Three gases form special ligands to hemoglobin. Carbon monoxide is naturally
produced in the body during porphyrin catabolism, but exposure to unphysiolog-
ically high partial pressures is characterized by displacement of the oxygen from
heme iron, because of CO’s excessively high affinity to heme (about 300 times that
of oxygen). The binding of CO to the heme iron reduces the oxygen capacity and
simultaneously causes a leftward shift of the residual oxygen binding. Cyanide
similarly has a very high affinity binding to heme iron, and acts similarly to CO,
but because of its even greater affinity to cytochromes in the respiratory electron
transport chain, it inhibits oxygen consumption and energy production.

Lastly, the normal ligand, nitric oxide, has a very special role in vasoregulation
in part through a cycling process between HGb iron and S-nitrosyl groups of
globin (Lima, Forrester et al. 2010; Haldar and Stamler 2013). This is an extremely
important process in cardiovascular signalling to regulate oxygen delivery.

The following types of hypoxia are recognized:

e Hypoxemia when the oxygen saturation of blood is subnormal;

e Tissue hypoxia when oxygen supply at the organ, tissue or cellular level is
inadequate;

e Stagnant hypoxia when tissue hypoxia is caused by inadequate delivery by
reduced blood flow (e.g. ischemia);

e Histotoxic or cytotoxic hypoxia when ATP production is impaired or stopped by
an agent that interferes with the mitochondrial respiratory chain by competing
with and binding to oxygen consuming sites (e.g. cyanide);

e Anemic hypoxia when oxygen delivery is deficient because of inadequate
functional hemoglobin concentration of the blood, or reduction of the oxygen
capacity by “occupation of” a significant proportion of binding sites by other
ligands with higher affinity than that of oxygen.

The physiological consequences of hypoxia are far too numerous even to
enumerate here. Suffice to say that they depend on its severity, the organism’s
tolerance and whether the hypoxia is sudden and short-lived, or is long standing
such that adaptations and tolerance have developed to ameliorate some of its
effects. Cellular tolerance of hypoxia may involve a variety of mechanisms,
including “hibernation” to reduce metabolic activity, increased extraction of
oxygen and adaptations of enzyme systems and gene expression to permit meta-
bolic activity at lower levels of oxygen availability(Leach and Treacher 1992).
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The following equations represent the components and their interactions of the
system (Leach and Treacher 1992).

Alveolar air pO; : po02 = FiO; x (Pg — Pu,0) — (p,CO2/ RQ)
(2.1)

Blood oxygen concentration :

C.0; = S,0; x [HGb] x 1.36} + p,0; x 0.0031 (22)
Oxygen delivery rate : DO, = QX C,0, (2.3)
Oxygen extraction ratio : EO, = VO,/DO; (2.4)

These equations represent the following:

(Equation 2.1) The alveolar air equation represents the partial pressure of
oxygen in alveolar air at the prevailing barometric pressure after accounting for the
vapor pressure of water with which tracheal air becomes saturated at body tem-
perature. It defines the oxygen partial pressure in the steady state accounting for
oxygen extracted and CO, added by the respiratory gas exchange. This is the
oxygen partial pressure with which blood in the pulmonary capillaries equilibrates
during its rapid transit through the capillary. This oxygen partial pressure defines
the oxygen saturation of hemoglobin according to the oxygen dissociation curve
(ODC).

(Equation 2.2) Describes blood oxygen concentration or content in the arterial
blood that arrives from the pulmonary circulation (not accounting for any loss
through venous admixture). The oxy-hemoglobin saturation, as defined above, is
the arithmetic product of the oxygen capacity of 1 gram of hemoglobin when fully
saturated (1.36 mL/g) and the hemoglobin concentration, plus the additional
amount of oxygen dissolved in physical solution in blood water at body temper-
ature (0.0031 mLO,/mL of water/mm Hg). It clearly shows the superiority of
hemoglobin binding of oxygen over oxygen dissolved in the aqueous compartment
of blood. The presence of 1g of hemoglobin when fully saturated multiplies
oxygen transported by blood by over 40-fold. Fifteen g hemoglobin/100 mL of
blood multiplies oxygen transported over 600-fold. The two equations combined
illustrate the advantages of breathing oxygen enriched air mixtures when hemo-
globin is not fully saturated when breathing atmospheric air, or at high altitude.

(Equation 2.3) Defines the oxygen delivery rate that describes the equal
importance of the cardiac output and of the oxygen content of the blood in sat-
isfying the oxygen need of the organism in a complementary manner. It does not,
however, address the fine tuning of delivery required to satisfy varying oxygen
demands of the various organs and how these may be satisfied by modulating the
distribution of the cardiac output. When this equation is applied to an individual
organ, the CO is replaced by the organ blood flow and this is the variable that is
modulated over a wide range to meet the needs of the organ in question.
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Implicit in the Oxygen Extraction equation (Eq. 2.4) is the fact that the pro-
portion of oxygen that can be extracted from blood is finite and a significant
concentration of oxygen must remain in blood returning to the venous system. The
extraction ratio defines the residual oxyhemoglobin saturation, and according to
the ODC, the oxygen partial pressure after the blood’s transit through the systemic
capillary beds. A finite pO, must exist at the end of the capillary bed to assure that
a sufficient pO, gradient exists to maintain diffusion of oxygen from the capillary
to cells at some distance.

At rest, the blood returning from the systemic circulation is normally about 70—
75 % saturated and has a mixed venous pO, of approximately 40 mm Hg. Some
organs extract a good deal more of the oxygen (e.g. the heart), while others extract
less; some vary their extraction over a very wide range (e.g. skeletal muscle at rest
and during exercise), whereas others (e.g. brain) maintain global oxygen con-
sumption and extraction nearly constant.

The following sections will describe the four stages of the “oxygen transport
system” and the ‘oxygen cascade” from the atmosphere to the mitochondria.

It is very important to note that the critical link between the convective mass
transport and diffusive processes in both the respiratory and circulatory phases of
oxygen transport is the oxy-hemoglobin dissociation (ODC) relationship between
the partial pressure of oxygen (pO,) and the saturation of the hemoglobin and
thereby the oxygen content of the blood. The Chapter by Mozarelli describes the
mechanisms underlying and the relationship itself in great detail. For the current
purposes it is important to note that the ODC greatly facilitates the loading of
oxygen onto HGb in the pulmonary circulation exposed to high alveolar pO,, and
the unloading of oxygen in the capillaries in the systemic circulation by the
continuous exposure of the blood to lower extravascular pO, by the continuously
consuming cells in the capillaries’ immediate environment.

2.3 The First Step in the Oxygen Cascade
2.3.1 Mass Transport from Environment to Alveolar Space

Atmospheric air containing 21 % oxygen at a total atmospheric pressure of
760 mm Hg at sea level has a pO, of approximately 159 mm Hg. Within the
tracheo-bronchial tree the air is warmed to body temperature and saturated with
water vapor which reduces the effective air pressure by 47 mm Hg; thus air
entering the alveolus has a pO, of (713 mm Hg x 21/100) about 150 mm Hg. CO,
is added to alveolar air at a partial pressure of 40 mm Hg, thereby diluting the
alveolar air oxygen concentration and reducing the mean alveolar air poO; to
approximately 100 mm Hg, as described above by the alveolar air equation
(Eq. 2.1.).
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2.3.1.1 Pulmonary Ventilation

Respiratory muscle activity of inspiration/expiration cycling maintains two—way
airflow and averaged over several cycles, maintains a partial pressure of oxygen
and carbon dioxide in the alveolar air of 100 and 40 mm Hg, respectively. In the
face of marked changes in the metabolic consumption of oxygen and production of
carbon dioxide the alveolar pO, and pCO, are maintained remarkably constant at
these values by complex neural regulation of the total and alveolar ventilation.

Metabolic oxygen demand and carbon dioxide production vary from basal
needs during restful sleep to maximal levels of exercise, over an approximately
tenfold range (Murray 1976). A centrally located “oscillator” generates reciprocal
stimulation/inhibition of inspiration/expiration cycling, located in the pons
(Morschel and Dutschman 2009). This central rthythm is modulated in the medulla
oblongata where the principal mechanisms regulating both respiration and the
cardiovascular system are located. The principal respiratory regulation whereby
arterial blood pCO, is maintained resides in an area on the medulla’s ventral
surface which is exquisitely sensitive to changes in pH, primarily resulting from
unbuffered changes in pCO, in the cerebro-spinal fluid (CSF) bathing this region
(Guyenet 2008; da Silve, Li et al. 2010; Nattie 2011). Minor changes in CO, in this
region bring about marked changes in alveolar ventilation that result in mainte-
nance of a near-constant alveolar and arterial blood pCO,. The neural output from
the medullary respiratory centers is conveyed by efferents from spinal motor nuclei
to the diaphragm, intercostal and abdominal muscles. In addition to the medullary
respiratory centers, neural input is conveyed by afferent fibers in the vagus (X) and
glosso-pharyngeal (IX) nerves from the aortic and carotid body chemoreceptors to
the nucleus of the solitary tract and then to the pontine and medullary integrative
neurones. The aortic and carotid chemoreceptors are principally sensitive to sig-
nificant changes in the pO, of arterial blood, but are also sensitive to changes in
pCO,. These chemoreceptors are primarily responsible for driving ventilation in
response to reduction in the arterial blood pO,, that occurs e.g. at high altitude or
acute pulmonary injury. In addition, feedback information on lung deformation by
stretch receptors is conveyed from parenchymal mechanoreceptors by the Vagus
nerve, and from respiratory muscles from muscle spindles via afferents to the
spinal cord.

In order to generate airflow into the lung, inspiratory muscle contraction
overcomes three forces: 1. The elastic recoil of the lung and chest wall complex; 2.
The frictional resistance to airflow in the airways and the frictional resistances
between lung and thorax; and 3. Inertial airflow resistance which is primarily
determined by the aggregate cross sectional area of the airways, according to
Poisseuille’s law (Murray 1976). The normal airways at resting breathing offer
minimal resistance and the work of breathing represents a small proportion of the
total body oxygen consumption. However, when an increase in ventilation and
oxygen delivery are required by increased metabolic activity, the work of
breathing is also increased. As ventilation increases by both augmented tidal
volumes and respiratory rates, bulk airflow and flow velocity within the lung in
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both directions is increased exponentially, the flow becomes turbulent, and the
work of breathing becomes one of the limiting factors at maximal exercise because
it consumes all the additional oxygen intake. Likewise, at near-maximal levels of
ventilation expiratory muscle effort is required to maintain the high-velocity air-
flows at fast respiratory rates. The expiratory muscle contraction under these
conditions may lead to dynamic compression of airways, especially those not fully
supported by cartilage. The resulting compression increases airway resistance
further, leading to deleterious positive feedback and air trapping. The resistance
offered to airflow is varied according to the degree of contraction or relaxation of
airway smooth muscle, sensitive to sympathetic innervation and agonists, various
inflammatory mediators and NO-mediated dilators (Spina 2008). However under
pathological conditions characterized by excessive airway smooth muscle con-
traction (e.g. asthma) airway resistance may increase many-fold increasing the
work of breathing, even at low levels of ventilation, to an extent that it becomes a
very large proportion of total body oxygen consumption (Ozier, Allard et al.
2011). Thus, pathological airway responses may impose major limitations on the
ability of the oxygen transport system to respond to increased demands and
thereby limiting exercise capacity (Ozier, Allard et al. 2011). The airways them-
selves are also capable of sensing oxygen and respond appropriately in a reflex
manner (Peers and Kemp 2001; Waypa and Schumacker 2010).

The phenomenon of hypoxic pulmonary vasoconstriction is observed when
alveolar air hypoxia occurs; this is observed globally at high altitude and locally
when some lung units are hypoxic because of reduced local alveolar ventilation.
This assures that blood flow is diverted to areas of the lung that are better ven-
tilated. The mechanism is not fully known, but it involves oxygen sensing by
vascular (probably endothelial) cells, signalling to trigger a functional response
(Waypa and Schumacker 2010).

2.3.1.2 Pulmonary Blood Flow

The whole of the cardiac output (with the exception of the bronchial (arterial)
flow) is driven by right ventricular contraction through the entire pulmonary cir-
culation. At the inlet, pulmonary arterial pressure at rest is normally approximately
20/10 mm Hg and at the outlet, left atrial pressure is about 5—8 mm Hg and the
mean pressure loss across the pulmonary circulation is about 12 mm Hg. The
mean capillary pressures are estimated to be of the order 10—12 mm Hg, signif-
icantly lower than those in systemic capillaries. This assures that: 1. The alveolar
spaces are kept dry by Starling forces. 2. The structural integrity of the alveolo-
capillary membrane is not disrupted. 3. The total resistance offered by the pul-
monary circulation to blood flow is about one-fourteenth that of the high-pressure
systemic circulation, permitting a low level of work by the right ventricle. As
estimated from measurements of lung diffusing capacity, at any given time the
entire active pulmonary capillary bed contains about 70 mL of blood (Ceridon,
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Beck et al. 2010) distributed over an enormous surface area where blood and air
are in intimate contact.

2.3.1.3 Ventilation: Perfusion Matching

Two components of the system, normally of minimal magnitude, do not participate
in respiratory gas exchange: the dead space and the shunt components (see Fig.
2.1). The former comprises the anatomical dead space of the large airways and un-
ventilated alveoli. The latter comprises true anatomical right-to-left shunts, and
un-perfused alveoli, cumulatively referred to as venous admixture. In these com-
ponents there is no exposure of blood to alveolar air. As long as these components
are of negligible magnitude, respiratory gas exchange proceeds efficiently. Nor-
mal, fully efficient oxygenation of the blood requires that ventilation and blood
flow be evenly matched throughout the lung and in nearly all lung units (West
1965). If perfusion is not matched to ventilation in individual lung units a mis-
matching occurs with deleterious effect upon gas exchange. When a lung unit is
underventilated relative to its perfusion, the alveolar air and end-capillary pO, will
be less than normal. When a lung unit is under-perfused relative to its ventilation,
the alveolar air and end-capillary blood pO, will be above-normal. Thus collec-
tively, under-ventilated lung units behave as shunts, and the underperfused lung
units collectively behave like dead space. When there is significant mismatching of
ventilation and perfusion of a substantial number of lung units, hypoxemia will
result (West 1965).

It may appear counter-intuitive that over-ventilated lung units with above-
normal pO, do not compensate for the effect of under-ventilated lung units whose
pO, is below-normal. The explanation lies in the oxygen dissociation curve
(ODC).

Above-normal pO, will not increase blood oxygen saturation and content
because this already occupies the flat part of the ODC and full saturation is
achieved at normal pO, Subnormal pO, on the other hand will result in reduced
saturation and oxygen content. When blood is collected in the pulmonary veins
from all lung units including those with mismatched ventilation and perfusion, the
mixture will reflect the effect on the ODC of the subnormal blood oxygen content
and saturation. The result is reduced oxygen saturation, content and pO, in arterial
blood. While some local mechanisms are operative to regulate ventilation and
perfusion of lung units such that ventilation and blood perfusion are more evenly
matched (West 1965), for example by hypoxic pulmonary vasoconstriction locally,
very significant mismatching of ventilation and perfusion (VA/Q) by lung
pathology results in hypoxemia and a corresponding effect on the oxygen transport
system (West 1965), as indicated by Eq. 2.3.
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2.4 The Second Step in the Oxygen Cascade

2.4.1 Diffusion from Alveolar Air to Blood in the Pulmonary
Capillary

Four factors are important in efficient respiratory exchange at rest between alveolar
air and capillary blood in the lung: 1. A large pO, gradient of approximately 100—
40 mm Hg; 2. A large surface area available for gas exchange with a thin diffusion
barrier; and 3. A favorable diffusion coefficient for oxygen. These three factors
facilitate the near-complete equilibration of oxygen partial pressures during the
rapid (approximately 0.7 s.) transit time of blood through the capillary bed. The
fourth factor, the ODC facilitates the transfer of a large amount of oxygen by
diffusion from alveolar air to solution in plasma and into the red cells by rapid
binding to HGb. The initial rapid diffusion of oxygen is promoted by the high oxy-
HGD affinity on the steep part of the ODC when the partial pressure gradient is
greatest. As the blood arrives in the pulmonary capillary with a mixed venous pO,
of about 40 mm Hg and about 70—75 % saturated, the binding of the fourth
oxygen atom is fastest. As the gradient declines along the passage of blood through
the capillary’s length, equilibration occurs less rapidly, but is promoted by the flat
top part of the ODC, even at varying alveolar oxygen partial pressures (Murray
1976; Nunn 1987). Equilibration of pCO, between alveolar air and capillary blood
is even more rapid than that of oxygen, even at smaller partial pressure gradients
(46—40 mm Hg), because of the higher diffusion coefficient.

When metabolic demands increase, as in exercise, fever, etc. both cardiac
output and ventilation respond. This results in increased bulk flow and flow
velocity of both air in airways and blood in the pulmonary circulation. The lim-
itations thereby imposed on respiratory gas exchange (e.g. shortened capillary
transit time) are ameliorated by a number of factors, including:

1. Recruitment of both alveolar surfaces and capillaries, and improved matching
of ventilation and perfusion.

2. Widening of the alveolar-to-capillary partial pressure gradient by virtue of the
increased oxygen extraction in the systemic circulation and the reduced venous
blood pO, in the blood returning to the lung.

3. Rightward shift in the ODC of venous blood entering because of the lower
blood pH and pCO,.

This second step of diffusive gas exchange occurs passively, at the cost of
moving air and blood by the work of the respiratory muscles and of the right
ventricle satisfying the requirement of efficiency as noted above.

The processes in these first two stages of oxygen transport optimize the content
component of Eq. 2.3 above. Important impairments would be represented by

1. Impaired respiratory function (neuro-muscular impairment, chest wall defor-
mities, pleural masses, reduced lung compliance).
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. Reduced barometric pressure.

. Pulmonary parenchymal or vascular disease.

. Cardiac disease.

. Central nervous system and spinal cord injuries or disease (e.g. motor neuron
diseases).

6. Deficiency of functional hemoglobin (anemia, metHGbemia, carbon monoxide

poisoning, hemoglobinopathies).

N AW N

In summary: Pulmonary ventilation is regulated by altering the neural outputs
to changing both the frequency and tidal volume. These changes result in altera-
tions of the alveolar ventilation and thereby the volumes from which oxygen is
extracted and carbon dioxide is added changing the steady state concentration of
gases with which blood in the pulmonary capillaries equilibrates. Pathological
conditions affecting the ability to maintain normal blood gas composition may
have a major impact on the ability of the organism to provide adequate oxygen
supply to meet all metabolic requirements of organs and tissues, resulting in
hypoxia.

2.5 The Third Step in the Oxygen Cascade

2.5.1 Mass Transport from the Pulmonary to the Systemic
Capillaries

2.5.1.1 The Cardiac Output

The cardiac output (CO) is the volume of blood pumped by each ventricle of the
heart expressed as L/min. Its two components are the heart rate (HR) and the
stroke volume (SV); the typical range being about 60 times/minute X
75 mL = 4,500 mL/min. From basal level at rest to maximal exercise the cardiac
output can vary over an approximately five-fold range to about 22.5 L/min, by
increasing HR over an approximately three-fold range and the SV over an
approximately two-fold range. Thus, oxygen transport can be varied to meet a
wide range of metabolic demands, (see Eq. 2.3.) and by modulating the distri-
bution of flow among organs according to their activity. Thus, at rest blood flow to
skeletal muscle is very low, but during vigorous exercise blood flow is augmented
disproportionally to the exercising muscles and to the heart, and may be main-
tained or even temporarily curtailed to some organs, such as the abdominal organs.
Alternatively, during digestion blood flow to the gastro-intestinal tract is increased
to meet the secretory and absorptive needs. This permits the “economical” and
efficient conservation of cardiac work required to augment the cardiac output
satisfying the requirement described above.
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2.5.1.2 The Regulation of the Heart Rate (HR)

The rate of spontaneous depolarization arising in the sino-atrial node in the right
atrium determines the heart rate under normal circumstances. It is under the
influence of the sympatho-adrenal system accelerating it and its vagal innervation
slowing it. Normally, at rest it is under a predominant vagal influence and responds
by increasing the HR both by inhibition of the vagal and augmenting the sym-
pathetic influences. One of the clinically observable phenomena is the reciprocal
HR response to an acute change in blood pressure mediated by the baroreceptor
reflex or baroreflex; the receptors being located in the carotid sinus and the aortic
arch. As the HR is accelerated under tachycardic conditions, ventricular function is
altered indirectly, by shortening the time available for both filling and ejection.
The ventricles adapt to such changes by altering their contractility (see below).
The HR is not directly affected by the other mediators that are important in
modulating ventricular function and, thereby the SV ejected.

2.5.1.3 The Regulation of the Stroke Volume (SV)

The determinants of the stroke volume produced can be described by terms bor-
rowed from skeletal muscle mechanics: preload, contractility and afterload.
Preload in this respect is represented by the end-diastolic volume of the ventricle.
The afterload is represented by the load against which the contraction generates
force; in this case the aortic and PA pressures, respectively for the left and right
ventricles. As long as the rising intraventricular pressure is less than aortic and PA
pressures, the contraction is isovolumic and myocyte shortening only stretches
elastic connective tissue elements. Once intraventricular pressure reaches aortic
and PA pressures, external shortening and ejection can begin. Thus the contraction
does internal and external work. The total work is determined by all three ele-
ments: preload, afterload and the particular characteristic of the myocardium, its
contractility (Hunter, Janicki et al. 1980).

There are two important mechanisms whereby the myocardium is capable of
varying its tension generation and the magnitude of the stroke volume ejected: 1.
That based on Starling’s Law of initial length which is an inherent property of the
heart itself and is determined principally by the preload; and 2. Changing con-
tractility by external influences, namely the ability of changing the work per-
formed from a given preload, against a given afterload (Sagawa, Suga et al. 1977,
Baan, van der Velde et al. 1992).

Starling’s law states that, over a certain range, the force generated by the
ventricle and thereby the stroke volume ejected is related to the preload i.e. the
volume contained in the relaxed ventricle at the end of filling, the end-diastolic
volume. The underlying mechanism is related to the “sliding filament theory” of
muscle contraction in that the extent of the overlap of the actin and myosin
filaments before contraction begins determines the number of cross bridges that
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can be formed and, consequently the magnitude of the force generated and work
done.

In the intact organism changes in contractility, or of inotropic state, are of far
greater significance than the Starling mechanisms. A change in contractility occurs
under the influence of sympatho-adrenal stimulation, inotropic drugs, and is rep-
resented by an increase in the forces generated at any given preload and afterload.
It is manifested by: 1. An increase in tension generated from the same preload,
against a given afterload. 2. A greater velocity of shortening. 3. An increased
stroke volume ejected from the same end-diastolic volume by contraction to a
smaller end-systolic volume. The subcellular mechanism underlying increased
inotropic state likely involves a rise in intra-cellular calcium concentration in
systole, resulting in the greater engagement and faster cycling of more of the cross
bridges participating. Of the two mechanisms, the Starling mechanism is involved
when the increasing the inotropic state is not possible, namely in heart failure
(Norman, ouriri et al. 2011; Little and Applegate 1993). Otherwise, the preferred
mechanism to increase stroke volume is by changes in the inotropic state or
contractility.

At normal heart rates the duration of diastole provides sufficient time for
adequate filling to occur, but at elevated heart rates the period of diastolic filling is
shortened and atrial contraction is required for adequate filling to occur, and
sufficiently high diastolic compliance, i.e. ease of extension of the chamber, is of
critical importance. During periods of sympatho-adrenal stimulation both heart
rate and stroke volume are increased, the latter by the augmented contractility
whereby the ventricle is capable of augmenting the stroke volume by both
increased velocity of shortening and contraction to a smaller end-systolic volume
in the shortened time available for a cardiac cycle. Thus, whereas tachycardia
increases the number of times a stroke volume is ejected and, coincidentally limits
the duration of each cardiac cycle, the simultaneous increase in contractility
permits substantially increasing the stroke volume, thereby achieving a maximal
cardiac output range of five-fold over basal.

The continuous flow of blood to the left heart is “boosted” at high pressure by
left ventricular contraction and is propelled through the arterial distribution system
to all the organs and to their capillaries. The distribution of blood flow to indi-
vidual organs, and within them regionally, is under a complex regulatory system
“designed” to optimize oxygen delivery to meet the organs’ metabolic needs and
respective non-metabolic functions. The regional distribution of the cardiac output
(CO) is regulated by the respective organs’ aggregate resistance comprising the
degree of contraction/dilation of the smooth muscle of the arterioles. The principal
regulators of arteriolar smooth muscle contraction/relaxation are the autonomic
nervous system, various vasoactive peptide hormones (including endothelin and
angiotensin), and the locally acting “autacoid” prostaglandins (including prosta-
cyclin and thromboxane), as well as the local O, and CO, concentrations. The
principal mechanism whereby relaxation of arteriolar smooth muscle is mediated
involves the generation of nitric oxide (NO) which regulates the function of the
intracellular enzyme soluble guanylate cyclase (sGC), the product of which, cyclic
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guanosyl monophosphate (cGMP) in turn, inhibits cross-bridge cycling of vascular
smooth muscle cells. The complexity of the regulation of blood flow in each organ
is expressed at a variety of levels: the phenotypic diversity of vascular smooth
muscle cells and their receptors specific to each organ, the type and density of
receptors responsive to vasoactive peptides and to autonomic nervous system
mediators, the hierarchy of all of these regulatory functions, and finally the
respective organ’s metabolic demand for oxygen and demand for blood flow
specific to the organ’s non-metabolic function (e.g. secretion, absorption, regula-
tion of water and ionic composition and temperature).

In summary: The cardiac output is regulated through induced changes in the
heart rate and the stroke volume. The heart rate is regulated by the sympathetic and
parasympathetic systems; sympathetic influences have a positive chronotropic,
whereas, through the vagal innervation parasympathetic influences have a negative
chronotropic effect. The ability to alter contractility is a critically important
property of the heart; in the face of effects that would limit the range of possible
stroke volumes (reduced preload by encroachment on filling by a shortening of the
diastolic period, reduction of the external shortening possible by increased after-
load), it permits extending the range of stroke volume by increased tension gen-
eration at greater velocity and contraction to smaller end-systolic volumes.

As shown by Eq. 2.3. the cardiac output which can be varied over a five-fold
range, is the central variable component in systemic oxygen transport. Normally,
the oxygen content is relatively fixed and, unlike the cardiac output, is not variable
on a moment-by-moment basis. Hence, the cardiac output is the principal variable
whereby the deficiencies in the oxygen content of the blood can be compensated
for to maintain or augment systemic oxygen transport.

2.6 The Peripheral Circulation

The regulation and function of the major components, the major arteries, the
arterioles, the capillaries and veins are different and are discussed sequentially.

Blood flow in major distribution vessels, the arteries

The major distributing arteries have relatively thick walls and spirally arranged
smooth muscle under sympathetic control. The function of the smooth muscle is
largely to alter the compliance of these vessels and thereby to affect the profile of
the pressure wave and the magnitude of the pulse pressure (i.e. the difference
between systolic and diastolic blood pressures). The flow of blood is largely
streamlined and these vessels offer relatively little resistance to blood flow. Hence,
there is little pressure dissipated from the aorta to the smallest distribution arteries.
Streamlined flow may become turbulent (with accompanying increase in flow
resistance) at bifurcations and sites of partial obstructions protruding into the
lumen. Branchings of the distributing arteries feed the various organs which are
arranged in parallel, and flow to each organ is determined by the relative aggregate
resistance the organs’ arterioles present.
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Blood flow and pressure in the arterioles

The arterioles arise from parent vessels by multiple branching to reach a size of
approximately 100 pm in diameter. These vessels are invested by a relatively thick
circular smooth muscle which is highly responsive to numerous vasoactive
mediators acting through a variety of specific receptors. The degree of contraction
of the smooth muscle determines the diameter of the arteriole, and thereby the
resistance to flow it offers, according to Poisseuille’s law (blood flow is directly
proportional to the driving pressure and inversely proportional to the radius®, the
length and the viscosity of the fluid). In the present context, the single most
important determinant of flow at any given driving pressure is the resistance due to
changes in arteriolar radius. Thus, the level of the arterioles is the site of largest
drop in perfusion pressure. The high-velocity flow in the arterioles is slowed down
substantially in the arterioles.

The resistance in the arterioles serve three separate functions:

1. All the arterioles in the aggregate limit outflow from the major arteries, thereby
maintaining high mean and diastolic arterial blood pressures.

2. Arterioles of each organ in the aggregate regulate the distribution of blood flow
to individual organs.

3. Each arteriole in any given organ reduces the high arterial blood pressure to a
level similar to the colloid oncotic pressure of the blood, thereby limiting the
pressures to which the poorly supported capillary walls are exposed and
facilitating the transcapillary fluid exchange based on Starling forces.

Arteriolar smooth muscle is under complex bi-directional control. It responds
by active contraction (by increased cross bridge cycling) to a plethora of systemic
autonomic nervous, as well as humoral systemic (endocrine: angiotensin, endo-
thelin and local (paracrine: prostanoids) mediators, through a number of diverse
receptor types distributed with great organ-to-organ variability. The opposite
effect, dilation, is mediated principally by a single mechanism, namely the inhi-
bition of cross bridge cycling. The common pathway of dilation involves the
synthesis and release of NO which signals locally and downstream the action of
soluble guanylate cyclase (sGC) to generate cyclic adenosine monophosphate
(cAMP) which is the mediator effecting the inhibition of cross bridge cycling in
the smooth muscle and consequent relaxation. In the critical organs with high
metabolic activity (brain, heart, kidney, liver) the arterioles are also subject to
additional controls regulating the arteriolar smooth muscle activity, sensitive to
oxygen availability within the organ, the oxygen sensor likely being the mito-
chondria (Waypa and Schumacker 2010).

Blood flow in capillaries

Because of the high resistance in the arterioles, blood flow velocity is further
reduced in the capillaries to facilitate gas exchange. The capillary walls consist of
a single layer of endothelial cells supported by a basement membrane. The internal
diameter is similar to, or even smaller than, the red blood cell (RBC) so that the
cells need to deform in their transit through the capillary. The deformation serves
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to mix the RBC contents thereby facilitating even distribution of oxygen and
carbon dioxide within. The deformation required to permit RBC passage is also the
cause of marked decline of the hydrostatic pressure along the length of the cap-
illary. According to the Starling hypothesis, as a result of the hydrostatic pressure
exceeding the colloid osmotic pressure difference across the capillary surface,
there is net filtration along the first half of the capillary’s length. As the hydrostatic
pressure declines below that of the net colloid osmotic pressure across the capillary
wall, reabsorption occurs along the distal half of the capillary, with a net zero
balance in trans-capillary fluid exchange and a continuous circulation of extra-
cellular fluid.

2.7 The Fourth Step in the Oxygen Cascade

2.7.1 Diffusion of Oxygen from Capillary Blood
to Metabolizing Cells and Within the Cell to the Site
of Consumption, the Mitochondria

The Fick equation of diffusion of a gas in a liquid medium describes the deter-
minants of the flux as

V = DxAx{AP/d} (2.5)

where A is the area available for diffusion; D is the diffusion constant for the
gas; AP is the gas partial pressure difference; d is the diffusion distance, thus AP/d
is the partial pressure gradient.

The simplest model of oxygen delivery is the Krogh model of two concentric
cylinders; a cylinder of cells penetrated centrally by a capillary, approximately
equidistant from all cells at the periphery of the tissue cylinder. This simplified
model is useful to illustrate the maintenance of diffusive gas exchange along the
same principles already described above for pulmonary capillary gas exchange.
Oxygen is unloaded from hemoglobin and carbon dioxide is taken up (by three
different forms of carriage) and a continuous diffusive flow of oxygen is main-
tained to all the cells within the capillary’s territory. The functional (i.e. open)
capillary density determines the diffusion distances from capillary blood to con-
suming cells and their mitochondria over a wide range of consumption rates,
depending on their level of activity (Wagner, Venkataraman et al. 2011). As
described above, the presence of HGb in the red cells facilitates diffusion by virtue
of taking up oxygen from the plasma and binding, minimizing the increment of
oxygen partial pressure per unit volume of oxygen received and extending the
wide partial pressure gradient.

The blood entering the capillary with a high pO, begins to surrender its oxygen
because it is surrounded by an immediate environment of lower pO,, initially
giving off oxygen dissolved in plasma, and followed by release of oxygen bound to
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HGD. Because of the continuous consumption of oxygen by all the cells within the
larger cylinder, the partial pressure of oxygen declines both longitudinally and
radially from the “inflow” to the “outflow” end (see bottominset in Fig. 2.1). The
principal force driving diffusion is the gradient in pO, from blood to the cells. The
oxygen dissociation characteristics of HGb facilitate the rapid and efficient
unloading of oxygen within the capillary. The cells at the extreme end of the
cylinder and furthest from the capillary are at the greatest disadvantage, because
their immediate environment is at the lowest pO,.

The oxygen sink, the mitochondria, represent the extreme end of the diffusion
path and the lowest local pO,. Mitochondrial pO; in vivo is difficult to determine
(Lanza and Sreekumaran Nair 2009, 2010), but it has been estimated in one study,
using a novel methodology, to be in the range 30-40 mm Hg in vivo in the
liver(Mik, Johannes et al. 2008), far higher than the critical pO, estimated earlier
(Lanza and Sreekumaran Nair 2009). If this is indeed the case, then end-capillary
PO, in the same range would be insufficient to drive diffusion from the distal parts
of the capillary where the prevailing pO, may be as high as 30—-40 mm Hg (Pitman
2011).

Of course, the Krogh cylinder model as the single source of oxygen for a
collection of contiguous cells is a gross oversimplification of the real world of the
complex networks of the microcirculation with continually opening and closing of
individual capillaries and at any time there are excess capillaries supplying more
than a single collection of cells. The arrangement facilitates altering the diffusion
distances from capillary to cells and thereby optimize oxygen diffusion to the cells
and mitochondria (Pitman 2011). The gradients existing in the microcirculation are
far more complex than those illustrated by the Krogh cylinder model (Tsai,
Johnson et al. 2003; Pitman 2011). Nevertheless, directional changes in the venous
blood draining are useful directional indicators of the state of oxygenation of the
organ in question. The complexity of the arrangement has been elegantly illus-
trated by Intaglietta and colleagues in tissues which can be conveniently transil-
luminated for intravital microscopic observation and quantitative analysis.

Using the core equation of the oxygen transport system as defined above by
Eq. 2.3:

DO, = Q x CO,

Of the two critical determinants of oxygen delivery, oxygen content is princi-
pally dependent on hemoglobin concentration [HGb]. The prevailing pO, deter-
mines the oxyhemoglobin saturation (Sg,) according to the ODC (According to the
Hill equation:

§0; = {(p02)"} /{(pO2)"+ (pso)"} (2.6)

where n = 2.6, is the Hill coefficient).

At this time Egs. 2.3 and 2.4 need to be expanded by the application of the Fick
principle which states that the rate of oxygen entering the capillary is equal to the
sum of the rate oxygen exiting and that consumed:
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Q x Ca0; = {Q x CvO,} + Vo, (2.7)
And the oxygen content in Eq. 2.7 is:
CO; = {SO; x [HGb] x 1.36} + {pO; x 0.0031} (2.8)
And Eq. 2.4 is expanded as:
E = {(Ca0O; — Cv0,)/Ca0,} (2.9)

Thus, E, the extraction ratio, is the fraction of oxygen extracted from the
arterial blood content, will yield the oxyhemoglobin saturation in the “venous”
blood emerging from the microcirculation, and the corresponding pO, at the end of
the capillary is the pressure driving diffusion to the cells. The pO, of blood
entering and leaving the capillary and the rate of oxygen extraction en route
determine the mean tissue pO, in a complex manner, and directional changes are
reflected in the end-capillary pO,.

Another way of analyzing the oxygen transport system is by the relationship of
oxygen delivery to oxygen consumption (Leach and Treacher 1992).” The basis of
the analysis is plotting oxygen consumption against oxygen delivery. Normally
over a certain range of decreasing oxygen delivery, consumption is relatively
independent of the delivery. Within this range demand may be satisfied by
increased extraction of oxygen, a widening of the arterio-venous oxygen content
difference, to an extent that no significant hypoxia is incurred. However, when
delivery is reduced further a point of inflexion is reached and oxygen consumption
declines nearly linearly, as delivery continues to decline. The point of inflexion
represents the conditions that are such that a significant “mass” of cells becomes
so hypoxic that it is no longer capable of using oxygen and a shift to anaerobic
metabolism occurs. In this analysis the hypoxic cells unable to consume oxygen
are not identified, only that they are sufficient in magnitude that their effect
becomes observable. At this point some of the indicators of “hypoxia”, or
anaerobiosis can be observed (e.g. lactate production, etc.) (Leach and Treacher
1998; Schober and Schwarte 2012).

The consequences of pathological failure of the system to deliver sufficient
oxygen for the prevailing metabolic needs are reduction in the tissue pO, or
hypoxia(Leach and Treacher 1998). This may be incurred under the following
circumstances:

1. Of the two components of Oxygen Delivery rate, blood flow can be varied but
the blood hemoglobin concentration is normally fixed at approximately
140-160 g/L. Hence the complementary response to a content deficiency is to
augment blood flow,

2 This is an excellent introduction to most aspects of oxygen transport.
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a. Significantly decreased [HGb] results in reduced oxygen content and
delivery and may result in hypoxia because of increased extraction and
reduced end-capillary and mean tissue pO, unless the blood flow is
increased proportionally.

b. The arterial blood oxygen content will be reduced in the presence of reduced
alveolar pO,, physiologically significant shunting, mismatching of ventila-
tion and perfusion, and even in the presence of normal extraction, end-
capillary and mean tissue pO, will be reduced, unless compensated for by
augmented blood flow.

c. The arterial blood oxygen content will also be reduced in the presence of
reduced alveolar pO,, unless compensated for by augmented blood flow

d. Conversely, significantly increased [HGb] results in an increase in oxygen
content and delivery, but at the cost a marked rise in blood viscosity
requiring augmented cardiac work.

e. In some obligate aerobic organs (the heart) normal levels of oxygen
extraction are nearly complete and further increments of extraction are
limiting so that

i. marked increase in work and metabolic oxygen demand must be sat-
isfied by a proportional increment in blood flow;

ii. restriction in blood flow and marked reduction in [HGb] in the face of a
rise in work load and metabolic rate inevitably lead to tissue hypoxia;

iii. a physiologically significant change in the oxyhemoglobin dissociation
characteristics of the blood (increased affinity, reduction in psg), in
combination with reduced [HGb] may induce tissue hypoxia and limit
the ability to respond to increased demand;

iv. conversely, markedly increased [HGb] in the face of increased work
load and metabolic need may lead to tissue hypoxia because the asso-
ciated rise in blood viscosity may limit the flow increment.

2. The ability to respond to increased systemic demands by increasing the cardiac
output may be limited by tissue hypoxia in the heart initiating a vicious circle
whereby the organ’s ability to respond by increasing the cardiac output over the
normal dynamic range of five-fold is limited in the presence of functional
impairment and abbreviated contractile reserve. The limitations may be due to:

a. impaired contractility or systolic dysfunction may arise from a number of
causes, including

i. impaired energy metabolism (Rosca and Hoppel 2010), such as in
coronary vascular disease, mitochondrial dysfunction, loss of effec-
tively functioning myocyte mass (infarcts), myocardial disease, val-
vular heart disease, ischemia—reperfusion and stunning,

ii. excessive afterload as in established hypertension,

iii. myocardial hypertrophy (Machackova, Barta et al. 2006), by extending
diffusion distances in myocardium,
iv. heart failure (Little and Applegate 1993).
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b. impaired filling or diastolic dysfunction (Bateman, Sharpe et al. 2003;
Periasamy and Janssen 2008), as in

i. myocardial hypertrophy(Machackova, Barta et al. 2006),
ii. myocardial fibrosis,
iii. heart failure.

c. idiopathic or disease-related complex cardiomyopathies, including

i. diabetic cardiomyopathy (Boudina and Abel 2010),
ii. sepsis-induced cardiomyopathy (Romero-Bernejo, Ruiz-Bailen et al.
2011; Fernandes and Cesar de Assuncao 2012)
iii. heart failure,
iv. stress-related cardiomyopathy (Richard 2011)
iv. endothelial dysfunction (Endeman and Schriffrin 2004; Ding and
Triggle 2005; Feletou and Vanhoutte 2006).

2.7.1.1 Cardiac Energetics and the Coronary Circulation

Because the heart is an obligate aerobic organ and because it plays a central role in
responding to changing demands for oxygen by changing cardiac output over a
five-fold range that require marked changes in its metabolic work, a brief con-
sideration of the coronary circulation is of special interest.

The myocardium does work in generating tension and pressure during isovol-
umic systole and in shortening in ejection. These two factors and the level of
contractility at which the work is performed determine the myocardial oxygen
consumption (Crossman 2004).

2.7.1.2 The Special Characteristics of the Coronary Circulation

The myocardium is an obligate aerobic organ and requires continual delivery of
oxygen to meet its metabolic activity that supports its work. At rest it receives
about 5 % of the cardiac output to support all of its functions and consumes about
10 % of the body’s energy output. It can tolerate hypoxia for only short periods
because its ATP and CP (creatine phosphate) reserves are very limited. Hypoxia
rapidly results in cessation of contractile activity.

Because the left ventricle generates high intraventricular pressure the intra-
mural arteries that supply the subendocardial layers are subject to compression
from the high intra-ventricular pressure, and flow within them may be completely
interrupted at the peak of systole. Hence, perfusion of the subendocardial myo-
cardium is largely restricted to ventricular diastole when the perfusing pressure is
the aortic diastolic blood pressure, but intra-ventricular pressure is very low. As a
result the subendocardial layers are especially vulnerable to hypoxic injury if flow
is inadequate.
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The coronary circulation is distinct in that it has the highest extraction of
oxygen with especially low coronary venous pO, and oxygen saturation; at rest,
oxygen saturation is of the order of 40 % and pO, is 25—30 mm Hg in coronary
venous blood. This corresponds to the widest arterio-venous oxygen content dif-
ference in the body of about 11—12 mL/dL (Sheppard and VanHoutte 1979). This
is reflected in the fact that myocardial oxygen consumption is a greater fraction of
the total than blood flow. This high extraction limits the scope of increasing the
heart’s own oxygen delivery by substantially increasing further its oxygen
extraction. Yet, the myocardium is capable of increasing its work output over a
five-fold range. This can occur even in the presence of variable arterial blood
pressure, the perfusion pressure for coronary flow. Moreover, the changes in heart
rate that are evoked when the cardiac output needs to respond to increased
demands will abbreviate the time available for myocardial perfusion during each
cardiac cycle. The adaptive mechanism accounting for this capacity is the ability
to increase markedly coronary blood flow, the other component of delivery, as well
as the microcirculatory anatomy, the rich capillary network and the wide distri-
bution of mitochondria and the presence of myoglobin.

Coronary blood flow is auto-regulated in that over a physiologically relevant
range of arterial pressures coronary flow is largely independent of the pressure. But
when the coronary arterioles are maximally dilated, flow is linearly related to
pressure. The coronary circulation is also auto-regulated in the sense that coronary
flow is adjusted over a large range by changing the arteriolar resistance to meet the
prevailing demand for oxygen by the myocytes. Hence, the resistance at the level
of the arterioles is highly variable. At rest basal coronary tone is quite large but it
can be decreased several-fold by active vasodilation. The difference at any given
perfusing pressure between the basal blood flow and that which can be achieved by
maximal active vasodilation is the coronary vasodilator reserve. The magnitude of
this normal reserve is the principal reason that the heart can respond to widely
varying metabolic demands by increasing its own blood supply.

The physiological significance of the coronary vasodilator reserve lies in the
pathophysiology of coronary vascular disease. There is practically no resistance to
flow in the normal major distributing coronary arteries; the major site of resistance
is downstream at the level of the arterioles. It is their maximal dilation that
determines the coronary reserve. However, if there are atherosclerotic or other
pathological obstructions in the larger arteries, adequate basal coronary flow to
meet basal demands can only be achieved by a proportional reduction in arteriolar
resistance. This abbreviates the range available for dilation in case of enhanced
demand. The consequence is that the maximal achievable flow is limited and
delivery cannot meet the demand associated with e.g. high level of exercise.
Moreover, atheromatous plaques represent areas of endothelial dysfunction with
further impairment of the vasodilator response.

A significant contributing factor that permits the normal heart to respond to
large demands is its microcirculatory anatomy. The ratio of myocytes to capillaries
is about unity, thereby assuring that diffusion distances are short, largely deter-
mined by the myocytes’ diameter. In case of enhanced demand extra capillaries



52 G. P. Biro

can be recruited, but the important facilitating effect is the richness of mito-
chondria spread widely throughout the myocyte (Jones 1986), and the presence of
myoglobin, facilitating oxygen diffusion within the myocytes themselves. When
the heart hypertrophies by enlargement of the myocytes, diffusion distances
become longer and this may affect oxygen supply to the myocytes adversely.

2.7.1.3 What Does a Mitochondrion Do?

The oxygen-consuming process in the mitochondrion is localized in the five
sequential enzyme complexes embedded in the inner membrane, comprising the
mitochondrial respiratory chain (Duchen 1999). Four of the five complexes pro-
vide reduced NADH transporting free electrons to the fifth complex, ATP syn-
thase, where oxidative phosphorylation of ADP takes place. In the process oxygen
is used to generate water and CO,. Some of the oxygen is not completely oxidized
and becomes the substrate for the generation of reactive oxygen species (ROS) at
two of the membrane bound enzyme complexes (Gao, Laude et al. 2008). One
such ROS is the superoxide anion (O3 ). Normally there are a variety of powerful
antioxidant defenses within the mitochondrion such that ROS production is
effectively detoxified, although deficiencies of antioxidants are associated with
ROS-mediated damage to the mitochondrial DNA (Gao, Laude et al. 2008; Rosca
and Hoppel 2010).
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Chapter 3
Biochemistry of Hemoglobin

Andrea Mozzarelli, Stefano Bruno and Luca Ronda

Human hemoglobin A (Hb) is the main protein component of red blood cells, making
up to 97 % of their dry content. Hb plays a crucial role in vertebrates, as it carries
oxygen from the lungs to the tissues for their oxidative metabolism. Overall, the
~ 750 g of circulating Hb increase 70-fold the blood oxygen capacity of plasma, in
which only a small amount of oxygen is dissolved. Recent findings indicate that Hb is
also expressed at low concentrations in cells other than erythrocytes (Schelshorn
et al. 2009), including neurons, macrophages, alveolar cells, and mesangial cells,
where it likely plays a role as antioxidant. Erythrocyte Hb was recently proposed to
be physiologically relevant in nitric oxide homeostasis and in reactivity with nitrite
(Gladwin 2007; Gladwin et al. 2009). Here, we will focus on the structural and
functional aspects of oxygen transport, their impact on the development of Hb-based
oxygen carriers and on the selection of the most suitable Hb source.

3.1 Hemoglobin Structure

Hemoglobin is a tetramer composed of two identical o5 dimers that self-assembly
in a o B, structure (Fig. 3.1a). The o and f§ subunits consist of 141 and 146 residues,
respectively, organized in 7 and 8 helices connected through non-helical segments.
Both subunits belong to the globin superfamily, which share the so-called globin
fold. This fold exhibits a pocket that strongly binds a heme moiety (Fig. 3.1b),
allowing each tetramer to bind up to four molecules of oxygen. The heme group is
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Fig. 3.1 a Structure of T-
state hemoglobin (pdb entry
2HHB). o subunits are in light
blue, [ subunits are in dark
blue. b Heme moiety

(b)

located in a deep hydrophobic pocket formed by the E and F helices of each globin
subunit. The heme iron, stabilized in the reduced form (+2) by the pocket envi-
ronment, is coordinated by the four porphyrin nitrogens and the proximal histidine
(F8) (Perutz 1970). On the distal side, the heme in the ferrous form can accept
ligands such as molecular oxygen, carbon monoxide and nitrogen monoxide. In the
ferric form, it binds cyanide and other ligands. Differences in the residues of the
hydrophobic core formed by the A, B and E helices are responsible for the small
differences between the o and f§ subunits in structure, dynamics and ligand binding.
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Hb conformation depends on the presence of ligands of the heme moiety or
effectors that bind at allosteric sites. Based on early data, the quaternary confor-
mations crystallized as deoxygenated and fully ligated Hb were named T (tense)
and R (relaxed) (Monod et al. 1965). It is now clear that the conformational space
of Hb is more complex, including more R-like and T-like states (Dey et al. 2011).
The main conformational changes in the T-R quaternary transition involve the
intersubunit interfaces. In particular, upon ligation of the hemes, the o, subunit
shifts 6 A with respect to the B, subunit, causing a 15° rotation and a 0.8 A
translation of one ¢ dimer with respect to the other. This conformational tran-
sition does not change significantly the o 3, interface, while the o, B, interface is
markedly changed, with a narrowing of the central cavity where the allosteric
effector 2,3-bisphosphoglicerate (2,3-BPG) binds. The complex modulation of the
conformational equilibrium by both homotropic and heterotropic effectors makes
Hb a paradigm of protein allostery and stimulated the development of several
allosteric models to explain its behavior (Eaton et al. 1999; Koshland et al. 1966;
Monod et al. 1965; Perutz 1970; Szabo and Karplus 1972; Viappiani et al. 2004).

3.2 Tetramer Stability

Hb tetramers can be described as tight o8 heterodimers capable of forming looser
(af), tetramers, which constitute the largely prevalent form at physiological Hb
concentrations inside the red blood cells. The relatively weak interactions at the
o B, interface allow for the conformational adjustments responsible for most
aspects of the allosteric behavior of the tetramer, including the quaternary con-
formational changes associated with cooperativity. Because of the weaker inter-
actions between the two off dimers, Hb can undergo symmetrical reversible
dissociation:

O(z Bz : 20£ﬁ

The corresponding equilibrium dissociation constant Kp can be described as the
ratio Kp = [dimer]? / tetramer.

The tetramer dissociation is more pronounced in R state Hb, with a constant in
the micromolar range at low ionic strength and neutral pH, as measured using a
vast array of techniques (Antonini and Brunori 1971). Different estimates arise
from the weakly distinguishable functional and spectroscopic properties of dimers
with respect to tetramers. The dissociation constant was shown to depend signif-
icantly on the oxidation state of the heme, as well as pH, temperature and allosteric
effectors (Antonini and Brunori 1971). As for T state Hb, significant dissociation
occurs at far lower concentrations, with a Kp in the order of 107! M. The
formation of the complex of deoxy Hb with inositol hexaphosphate lowers the Kp
even further.
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Overall, tetramer dissociation into dimers is negligible in the environment of
the red blood cell, where Hb concentration is in the millimolar range. However, it
has great relevance in the conditions where hemolysis leads to the presence of cell-
free Hb in plasma, such as in hemolytic anemia. Some naturally occurring Hb
mutants, as well as some decorated Hb-based oxygen carriers, show a higher
degree of tetramer dissociation with respect to wild type Hb (Caccia et al. 2009).
In vivo, dimers resulting from red cell lysis are sequestered by haptoglobin. At
very low Hb concentrations, the dimers might undergo further dissociation into
monomers, but the very low dissociation constant makes monomers unlikely to
play any physiological role.

3.3 Hemoglobin Ligand Binding and Reactivity

In the deoxy state, iron(Il) is five-coordinated and projects out of the porphyrin
plane, pointing toward the proximal histidine. When a ligand binds at the distal
side, it pulls the iron towards the plane of the porphyrin ring. Perutz (Perutz 1970)
partly attributed the low oxygen affinity in the T state to a tension in the Fe—
His(F8) bond, restraining the Fe from moving into the porphyrin plane. Upon
ligand binding, the two off dimers, arranged around a 2-fold axis of symmetry,
rotate one respect to the other, causing the narrowing of the large central water
cavity in the deoxy structure. The a- and f-clefts define the two entry points into
the central water cavity. The quaternary rearrangements triggered by ligation are
similar for the three known gaseous ligands, O,, CO and NO. However, due to
differences in bond strength and orientation, there are also considerable differ-
ences. Specifically, the very strong affinity of NO to deoxyHb leads to the rupture
of the bond between Fe—His(F8). Moreover, in addition to binding, both O, and
NO chemically react with the heme iron.

3.3.1 Hemoglobin Reactivity with Oxygen

3.3.1.1 Oxygen Binding

DeoxyHb reversibly binds molecular oxygen (O,):
Heme-Fe(Il) 4+ O, = Heme-Fe(I)-0,

The Hb oxygen dissociation curve shows a typical sigmoidal shape, as reported
in Fig. 3.2, indicating a cooperative oxygen binding. The cooperativity assures that
a proper amount of oxygen is released in the range between 100 torr of oxygen
tension (pO,) in the lungs and 20 torr pO, in the tissues. As a matter of fact, when
red blood cells are in the lungs, Hb is 97 % saturated with oxygen. At the capillary



3 Biochemistry of Hemoglobin 59

Fig. 3.2 Oxygen binding tissues lungs
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level in the tissues, saturation drops to 30 %. Myoglobin, a typically non-coop-
erative oxygen binding proteins, would be 98 % saturated in the lungs and 93 %
saturated in the tissue.

The affinity for Hb for oxygen is commonly expressed in terms of Psg, i.e. the
oxygen tension at which half of the heme site are saturated with oxygen. For
human blood, at physiological pH (7.4) and temperature (37 °C), the Ps is around
26 torr. The oxygen binding curves can be reported using the Hill equation:

Y pO?

=nlog| —

1-Y p50
The corresponding plot is linear between fractional saturations of 0.1 and 0.9.
The slope (n), or Hill coefficient, is a measure of the cooperativity of the binding.
This number does not possess a physical meaning and can be lower than 1

(negative cooperativity), 1 (non-cooperative binding), higher than 1 (positive
cooperativity). For Hb, its value is between 2.8 and 3.

log

3.3.1.2 Hemoglobin Autooxidation

Hb undergoes a slow spontaneous auto-oxidation in the presence of molecular
oxygen, producing the highly reactive superoxide anion and a functionally inactive
Fe(IIl) heme, which immediately binds either a water molecule or a hydroxide
anion:
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Heme-Fe(I)-O, = Heme-Fe(III) + O5

An aquo-met heme in a partially oxidized tetramer alters the conformational
equilibrium, preventing the full transition to the T state and shifting the dissoci-
ation curve towards higher affinities. The overall effect is a decrease in oxygen
delivery due both to the loss of active hemes able to bind oxygen and to the
increased affinity of partially oxidized Hb tetramers. The oxidation rate is also
increased in Hb dimers with respect to tetramers. Every day, around 3 % of
circulating Hb undergoes autooxidation, but the complex redox enzymatic
machinery inside the red blood cells keeps it below 1 %. In particular, the auto-
oxidation of Hb is counteracted by met-Hb reductases. Its action is crucial because
met-Hb tends to release the Fe(III) heme group, that, being hydrophobic, can bind
the lipid membrane and accelerate the degradation of the red blood cells.

3.3.2 Hemoglobin Reactivity with Carbon Monoxide

Carbon monoxide is commonly known as a toxic gas molecule due to its strong
binding to Hb:

Heme-Fe(II) + CO & Heme-Fe(II)-CO

The affinity of carbon monoxide for Hb is about 250-fold higher than that of
oxygen. Therefore, exposure to carbon monoxide causes oxygen displacement and
leads to a hypoxic state that may cause death. Recently, however, this gas gained
interest as its beneficial effects at very low concentration emerged in various
in vitro and in vivo experiments (Bosch and Tsui 2012). In fact, directly exposure
of carbon monoxide may protect cells or organs from various disease insults, due
to its anti-inflammatory, anti-apoptotic and anti-proliferative properties (Loop
et al. 2012). The Hb-based oxygen carrier MP4 (Hemospan“’), a polyethylene-
glycol (PEG)-conjugated Hb undergoing clinical trials as an oxygen carrier, is also
studied as a CO delivery agent, and was shown to reduce the infarct size when
administered prior to the induction of ischaemia in rat models (Vandegriff et al.
2008). These recent experimental evidences highlight the fact that the effects of
carbon monoxide can greatly vary depending on the amount.

3.3.3 Hemoglobin Reactivity with Nitric Oxide

Nitric oxide, or nitrogen monoxide (NO), is a free radical that can stabilize its
unpaired electron by reacting with species containing other unpaired electrons or
by interacting with the d-orbitals of transition metals, particularly iron. NO can
reversibly bind the heme group of both Fe(Ill) and Fe(II) Hb. However, it can also
react through a complicated redox chemistry with the heme iron, other heme
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ligands and cysteine residues (Gow and Stamler 1998; McMahon et al. 2002). The
combination and the competition of these reactions, the high reaction rates of some
of them and the inequivalence of the « and f subunits have long delayed the full
understanding of the interactions between NO and Hb. However, considering the
crucial role of NO as a biomediator, its interactions with Hb might play a phys-
iologically crucial role in the regulation of several signaling pathways, particularly
those responsible for the modulation of vasoactivity.

3.3.3.1 Binding of Nitric Oxide to the Heme Iron

Nitric oxide binds the ferrous heme iron with a nearly diffusion-limited rate
(~10’M~'S71) (Olson et al. 2004), forming (iron-) nitrosyl-Hb (NO-Hb):

Heme-Fe(II) + NO = Heme-Fe(I[)-NO

The dissociation of NO from fully nitrosylated (R state) Hb is extremely slow,
with a t; ; in the order of hours, making the competition with O, and CO virtually
negligible. The bond of NO with the « heme iron is much stronger than that of O,,
causing the detachment of the proximal histidine of the o subunits, as revealed by a
characteristic hyperfine splitting in EPR spectra. The resulting pentacoordinated
a-Fe(II)-NO is stable, with a dissociation rate constant in the order of years. As the
displacement of the proximal histidine upon oxygen ligation is crucial in the
mechanism of cooperativity, it is not surprising that the binding of NO to
deoxyHb, unlike that of O, and CO, occurs in a non-cooperative fashion. Despite
partial pentacoordination, fully nitrosylated Hb is in an R quaternary state.

NO dissociation is much faster in partially nitrosylated (T state) tetramers, a
condition that is much more likely to occur physiologically, especially in venous
blood. Under these conditions, a transfer of NO from the f chains to the « chains
was observed, resulting in a slow increase in overall pentacoordination:

(B—)Heme-Fe(II)—NO + (o—)Heme-Fe(II)
— (p—)Heme-Fe(Il) + (o—)Heme-Fe(I)—NO

Unlike CO and O,, NO also binds to the ferric form of Hb. However, the
Fe(III)-NO complex tends to give a charge transfer, reducing the iron to the ferrous
form and producing the highly reactive nitrosonium ion (NO™):

Heme-Fe(IlI)~NO = Heme-Fe(I)-NO™
Heme-Fe(II)-NO™ + H,0 = Heme-Fe(1l) + NO, + 2H"

The attack of either a water molecule or a hydroxide ion to the ferrous nitr-
osonium ion complex results in the auto-reduction of the heme and in the release
of a nitrite ion:

Heme-Fe(I)-NO™ 4 H,0 = Heme-Fe(II) + NO; + 2H"
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3.3.3.2 Nitrite Reductase Reactivity

In the reverse reaction of nitrite formation, deoxyHb reacts with nitrite ions pro-
ducing nitric oxide and Fe(III) hemes:

Heme-Fe(II) + NO, + 2H" = Heme-Fe(II)~NO™ + H,0 = Heme-Fe(IIl)+ NO

The resulting NO molecules quickly bind deoxyHb, producing nitrosyl-hemo-
globin. Nitrites, therefore, represent an important biological reservoir of NO and
the reaction was suggested to contribute to NO bioavailability. R-state hemes and
T-state hemes react with nitrites with very different rates, with the bimolecular rate
of the reaction between nitrite and R-state Hb being much higher (6 M~'s™!) than
that of T-state Hb (0.03 M_ls‘l). Considering that both products of the reaction,
Fe(III) hemes and nitrosylated hemes, tend to stabilize the R state, nitrite reduction
is an autocatalytic reaction. Moreover, the apparent rate depends on the presence
and concentration of allosteric effectors capable of modulating the quaternary
conformational equilibrium, such as inositol hexaphosphate, protons and oxygen.
In vivo, the reaction is likely relevant in hypoxic red blood cells, where unliganded
subunits are available. Hb can also catalyze the conversion of two nitrite ions to
dinitrogen trioxide (N,0O3), an intermediate that concentrates in the hydrophobic
membranes of red blood cells and that can either dissociate in NO or form nitrosate
thiols, two suggested pathways for NO escape from erythrocytes.

3.3.3.3 S-nitrosyilation

NO ligated to ferric heme was shown to be transferred to the thiol of cysteine 93
(Gow and Stamler 1998; Jia et al. 1996; Stamler et al. 1997):

Heme-Fe(III)—-NO + Cys-S™ = Heme-Fe(II) + Cys-SNO

The nitrosothiol product can be rationalized as the formal NOT transfer to a
protein thiolate instead of water, as it is the case of nitrate formation. Either
pathways lead to the production of Fe(Il) hemes, which are immediately converted
to Fe(IDNO. Human adult Hb has six cysteines, two in the o chains and four in the
f chains. However, only the highly conserved /93 cysteine becomes S-nitrosy-
lated. The unique position of this residue at the interdimer interface explains the
allosteric effects associated with its nitrosylation: SNO formation is favored in
oxygenated Hb over deoxygenated Hb, the stability of SNO-Hb is significantly
greater for the R state molecule than the T-state molecule and S-nitrosylation of
this cysteine residue has a positive allosteric effect on oxygen binding. It was
proposed that SNO-Hb is formed in the lungs, where Hb is in the R (oxy) state,
while the allosteric transition to the T (deoxy) state during the arterial-venous
transit favours NO release and thus promotes vasorelaxation in tissues with low
pO, (Gow and Stamler 1998).
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As NO cannot be directly transferred from red blood cell-confined Hb to its
cellular targets in the vasculature, a transnitrosation reaction to cysteine residues of
other proteins or to low molecular weight thiols has been proposed as a delivery
pathway:

Hb-SNO + R1-S™ + H20 2 Hb-S™ + R1-SNO

S-nitrosothiols have a significantly longer half-life than free NO and are not
scavenged by heme. Therefore, through this mechanism, NO can be transported in
the bloodstream, channeled in a protected form and then released in the proximity
of its cellular targets (Allen et al. 2009). This hypothesis has been recently chal-
lenged based both on the evaluation of NO chemistry with hemoglobin (Xu et al.
2003) and on the apparent negligible effect of cysteine /93 on vasoactivity in
knock-out mice (Isbell et al. 2008).

3.3.3.4 NO Dioxygenase Reactivity

NO rapidly reacts with oxyHb, producing ferric heme and nitrate (Doyle and
Hoekstra 1981):

Heme-Fe(II)—O;, + NO — Heme-Fe(IlI) + NO;

The reaction rate was determined to be 4 x 107 s'M~!, in the same order of
magnitude of NO binding to unliganded hemes. The reaction mechanism can be
better explained assuming the ionic character (i.e. ferric superoxide) of the Fe(II)-O,
complex. The interaction with NO transiently produces a peroxynitrite intermediate:

Heme-Fe(Il)—-0; + NO — Heme-Fe(III)-~ONOO™~ — Heme-Fe(Il) + NO;

It has been suggested that this reaction is responsible for the rapid removal of
NO from the vasculature. As a matter of fact, the half-life of NO is around 1 min in
plasma, but only in the millisecond range in the presence of red blood cells. Still,
the removal of NO by red blood cells is estimated to be 600—1000-fold slower than
that carried out by free Hb, due to the diffusional barriers offered by the red cells
membrane.

3.4 Allosteric Effectors of Hemoglobin

Several allosteric effectors, i.e. molecules that bind at sites other than heme, can
modulate the equilibrium between high oxygen affinity forms and low oxygen
affinity forms, often in a synergistic or antagonistic way (Imai 1982). The presence
of the physiological effectors, the concentration of which can change in
the bloodstream, allows Hb to be optimally modulated for oxygen delivery.
The allosteric equilibrium of Hb is controlled by effectors that shift the equilibrium
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either towards the T state or the R state. The stabilization of the relaxed state shifts
the oxygen equilibrium curve to the left, producing a high affinity Hb that more
readily binds and holds oxygen. A shift toward the T state produces a low affinity
Hb that readily releases oxygen. The degree of shift in the oxygen binding curve is
reported as an increase or decrease in Ps.

3.4.1 Bohr Effect

The heterotropic effect exerted by protons on oxygen affinity has emerged early in
the investigations of Hb and was named Bohr effect (Bohr et al. 1904). More
specifically, the Bohr effect in the pH range 6-9 was named alkaline Bohr effect,
and consists in an increase in oxygen affinity as the proton activity decreases. The
acid, or reversed Bohr effect, takes place below pH 6, where the oxygen affinity
rises as the pH decreases. Only the alkaline Bohr effect is thought to have phys-
iological relevance, both in buffering part the protons produced by the metabolic
formation of carbonic acid in the tissues and in enhancing the unloading capacity
of oxygen at the level of venous blood, where the pH is slightly lower with respect
to oxygenated blood (7.2 vs. 7.4).

From a molecular point of view, the alkaline Bohr effect is associated with the
protonation/deprotonation of amino acid residues involved in the interdimeric
interface and in the § subunit (the Bohr groups), thus affecting the relative stability
of the T and R states. Oxygenation decreases the pK, of the Bohr groups (Hb
becomes more acidic) and protons are released:

H-Hb + O, 2 Hb-0, + H'

The o-amino groups of the amino terminal residues of the o chains and the
histidine residues /146 and o122 are known as Bohr groups. In particular, the
carboxy terminal histidines of the f§ chains account for more than 50 % of the Bohr
effect. It has to be noticed that other ionic allosteric effectors, such as 2,3-BPG and
chloride ions, can alter the pK, of some amino acid side chains by forming ionic
bonds with them. In particular, the presence of organic phosphates at physiological
concentrations increases the Bohr effect further.

3.4.2 CO,
CO; reacts with the N-terminal amino groups of the chains of Hb to form
carbaminohemoglobin:

R-NH + CO, 2 R-NH-CO; + H*

The newly formed negative charge can take part in intersubunit salt bridges that
stabilize the T state, thus contributing to the release of more oxygen to the venous
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blood, where CO, if formed during the oxidative metabolism. Overall, the
decrease in pH and the direct allosteric effect of CO, are synergistically respon-
sible for a marked increase in oxygen off-loading in the venous system (Fig. 3.2).

3.4.3 Organic Phosphates

The first reported allosteric effector of human Hb was the natural effector, 2,3-
BPG, which forms a stoichiometric complex with Hb. The structure of deoxy-
genated Hb in complex with 2,3-BPG shows the effector binding at the f-cleft (on
the two fold axis) via salt bridges that tie the two f-subunits together, making it
difficult for the T-R transition to take place. Even though 2,3-BPG is known to
bind liganded Hb, the significantly smaller f-cleft precludes an equally strong
interaction. The preferential binding of 2,3-BPG to deoxygenated Hb stabilizes the
T state relative to the R state and decreases the affinity of Hb for oxygen, inducing
a right shift of the Hb oxygen binding curve, with the Ps, increasing from 12 to
26 torr at physiological temperature and pH. 2,3-BPG modulates the intrinsic
affinity of the T and R quaternary states and affects the tetramer stability in both
conformations. It also binds free aff dimers.

A number of synthetic effectors have been found to bind at the a- or ff-cleft or at
the middle of the central water cavity and to shift the oxygen binding curve either
to the left or to the right (Abraham et al. 1995). These compounds are long
recognized as potential therapeutic agents for the treatment of a variety of con-
ditions for which a transient increase in oxygen delivery to tissues or increase in
the oxygen affinity of Hb is beneficial. Among the structural analogs of 2,3-BPG,
inositol hexaphosphate (IHP) has been extensively used in the investigation of the
allosteric properties of Hb because of the strength of its complex, being 1000 times
more stable than that with 2,3-BPG.

In the early 1980s, a new group of right shifters of the oxygen binding curve
was recognized by investigating the interaction between Hb and two antilipidemic
drugs, bezafibrate and clofibrate. These molecules bind Hb in a 2:1 complex at two
symmetry-related binding sites located in the central water cavity of deoxyHb,
20 A apart from the binding site of 2,3-BPG and its analogues. Similarly to 2,3-
BPG, they stabilize the low affinity conformations, thus reducing the overall
affinity of Hb for oxygen. They act synergistically with the physiologically
available 2,3-BPG, as they bind to a different site.

3.5 Hemoglobin-Based Oxygen Carriers

The deep knowledge of Hbs is a crucial requirement for the development of Hb-
based oxygen carriers as potential hemoglobin-based blood substitutes (HBOCsS).
These products might be potentially capable of overcoming some issues associated
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with blood transfusions, such as cross-matching and blood typing, limitations in
the availability of healthy donors, a short shelf life and concerns about contami-
nation by infectious agents. The need to obtain a cell-free circulating molecule that
binds oxygen with properties close to that of hemoglobin within the red blood cell
has led to the investigation of hemoglobins from a number of sources, including
humans, animals and recombinant proteins.

3.5.1 Human Adult Hb

Human hemoglobin from outdated blood is an obvious source for HBOCs, as it
available in a relatively large quantity. Usually, about 5 % of blood units are
discarded either for technical reasons or aging. The idea of substituting whole
blood with purified free human Hb emerged at the end of nineteenth century.
However, the infusion of Hb solutions initially showed several toxic effects,
mainly on kidneys and the cardiovascular system. These effects have been widely
studied and, although most of them are still under investigation, in many cases
their biochemical and physiological basis are known. One of the critical points is
the dimerization of Hb tetramers occurring at concentrations lower than those
inside the erythrocytes. As a matter of fact, as Hb dimers are sufficiently small to
be filtered at the glomerular level, they tend to cause nephrotoxicity. Moreover, the
reducing agents present in the plasma are not as effective as the enzymatic systems
found inside the erythrocytes and the oxidation process leads to the formation not
only of met-Hb, unable to bind oxygen, but also of reactive oxygen species such as
the superoxide anion, H,O,, ferryl hemes and heme degradation products. The Hb
molecule, without the protection of the red blood cell envelope, can also cross the
walls of blood vessels, exerting a NO scavenging activity both in the lumen and in
the interstitial space, causing vasoconstriction. Chemical modifications have been
explored to overcome the toxic effects of free hemoglobin. They include intra- and
inter-tetramer cross-linking, polymerization, surface decoration with dextran,
polyethylene glycol (PEG) or polyoxyethylene and physical immobilization either
in polymeric matrices, or within nanocapsules or lipid vesicles, or onto the surface
of nanoparticles.

3.5.2 Fetal Hb

Fetal Hb (HbF) has been proposed as an alternative to adult Hb for the preparation
of HBOCs. The rationale behind this choice is that HbF has a high affinity and
therefore can transport a larger amount of oxygen. The disadvantage is that a high
affinity Hb might not be able to release oxygen in the tissues. It is well known that
the high affinity of HbF is predominantly due to the single amino acid mutation at
residue 143. The substitution of His at the « chain with Ser leads to a lower affinity
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of 2,3 BPG to Hb, thus to an increase in oxygen affinity. At 4 °C, pH 7.2, 1 mM
2,3BPG, HbA exhibits a P, of about 4.2 torr, whereas HbF exhibits a P, of about
2.8 torr (Bunn and Forget 1986). As the cord blood contains about 80 % of HbF,
transfusions using cord blood have been applied as a blood substitute for emer-
gency patients in Third World due to its sterile conditions (Bhattacharya 2005).
However, the overall available quantity of HbF is low, thus hampering its use in
the preparation of HBOCs.

3.5.3 Bovine Hb

The requirement of a large supply of Hb to be used in the development of a safe
and effective HBOC led to search for alternative sources with respect to outdated
human blood. Bovine Hb represents an attractive alternative to human Hb due to
the possibility of recovering significant quantity of Hb from animals sacrificed in
the meat industry. The key feature of bovine Hb is the almost full insensitivity to
2,3 BPG. This feature is shared by sheep, cat and goat Hbs. Moreover, the 2,3 BPG
concentration within the red cell of these animals is lower (0.7 mM) than in
humans (about 5 mM) (Bunn and Forget 1986). The main allosteric effector of
bovine Hb is chloride, and, to a less extent, carbon dioxide. Therefore, bovine Hb
free in the plasma undergoes oxygen affinity regulation by the synergic action of
plasma chloride ions and carbon dioxide. A product consisting of bovine Hb
decorated with 10-12 units of 5000 Da-MW PEG was investigated as a possible
blood substitute and showed a Psy of 10.2 torr at 37 °C, higher than that of
PEGylated human Hb but still far from that of human blood (around 26 torr).

3.5.4 Antarctic Fish Hb

In view of obtaining a HBOC with an intrinsically low Psq in a cell-free envi-
ronment, Hbs from the Antarctic fish Notothenioidei, the dominant suborder of
teleosts in Antarctica, are particularly interesting. The oxygen affinity of these Hbs
is exceptionally low (di Prisco et al. 2007), as an evolutionary adaptation to the
high oxygen concentrations in the cold Antarctic waters. Moreover, unlike HbA,
fish Hbs tetramers do not significantly dissociates into dimers, even in the ligated
form (Giangiacomo et al. 2001). Finally, Cys /93, present in the great majority of
vertebrate Hbs and known to perturb the properties of PEGylated Hbs and to
scavenge NO (Caccia et al. 2009) is missing in Hbs of almost all teleosts, making
them suitable for PEG decoration. Giving these favorable properties, the tetrameric
Hb from Trematomus bernacchii (TbHb) was decorated with PEG with a protocol
already used for human PEGylated Hb (Portoro et al. 2008). PEGylated TbHb, at
pH 7 and 10 °C, showed a Psq of 19.7 4 0.3 torr, near the P5y of human Hb in
RBCs (Coppola et al. 2011).
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3.5.5 Lumbricus Terrestris Erythrocruorin

Lumbricus terrestris (earthworm) erythrocruorin is an extracellular Hb with high
molecular weight (3.6 MDa), low autoxidation rate, limited reactivity towards
nitric oxide (NO) and a Psq very similar to human RBCs inside red blood cells
(28 torr at 37 °C). These properties make this oxygen carrier a potential starting
material to be used as a blood substitute. Erythrocruorin was safely transfused into
mice, rats, and hamsters without showing major side effects. Microvascular
experiments demonstrated its capacity to deliver more oxygen than conventional
plasma expanders (Elmer et al. 2012a). Erythrocruorin purified from earthworms
was also evaluated in hamsters, where it did not elicit side effects such as
hypertension or vasoconstriction (Elmer et al. 2012b).

3.5.6 Hemerytrin

Hemerythrin was first described in marine invertebrates (e.g., sipunculids,
priapulids, brachiopods), as an example of oxygen binding protein with a
non-heme di-iron binding site (Farmer et al. 2000; Jin et al. 2002) (Kryatov et al.
2005). It has been proposed for use as a blood substitutes since it avoids stress-
related side reactions of heme proteins. As a matter of fact, oxy-hemerythrin does
not react directly with nitric oxide and deoxy-hemerythrin binds NO with much
lower affinity with respect to Hb. Moreover, the oxidized form does not cause
formation of ferryl or free radicals (Kryatov et al. 2005; Mot et al. 2010).
A chemical modification of the octameric form of hemerythrin from Phascolopsis
gouldii with PEG and glutaraldehyde was carried out, resulting in derivatives with
Psp s spanning from 24- to 40 torr in PEGylated derivatives and from 6 to 17 in
glutaraldehyde cross-linked derivatives (Mot et al. 2010). The safety of native and
modified hemerythrin was compared to native and glutaraldehyde-polymerized
bovine Hb on human leukocytes and umbilical vein endothelial cells, concluding
that hemerythrin and its chemical derivatives are less toxic than bovine Hb
(Fischer-Fodor et al. 2011).

3.5.7 Recombinant Hemoglobins

Since the discovery of hemoglobin S as the variant form responsible for sickle cell
anemia, several hundred naturally occurring hemoglobin mutants have been
identified. Many of them are clinically silent, but others significantly alter the
functional properties of hemoglobin, particularly in terms of oxygen affinity,
cooperativity, NO deoxygenase reactivity, rate of autoxidation, stability of the
tetramer and capability to undergo autopolymerization. The wealth of information
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gathered in these studies, followed by the characterization of point-mutated
recombinant Hbs, allowed to investigate the specific role of individual amino acids
in the regulation of the functional properties of hemoglobin and produce engi-
neered variants showing a large variability in functional properties (Varnado et al.
2013). Although potentially more flexible than chemically modified Hb, recom-
binant Hb-based oxygen carriers are limited by the expression yield and by the
purification procedures. Several systems for Hb heterologous expression are cur-
rently being developed, including bacterial expression, expression in transgenic
animals and plants and in vitro differentiation of embryonic cells to hematopoietic
stem cells. For example, human Hb was expressed in transgenic mice (Behringer
et al. 1989) or in transgenic swine (Sharma and Gulati 1994; Swanson et al. 1992).
Examples of recombinant hemoglobins are reported below:

(1) rHbO.1 1t was produced by Somatogen and includes two fused o chains sep-
arated by a glycine linker, plus a mutation (N108 K) found in the naturally
occurring Presbyterian Hb, endowed with a lower oxygen affinity and low
cooperativity even in the absence of BPG. The o fusion was designed to
prevent dimer dissociation, and was shown not to perturb either the quaternary
or tertiary structures of rHb1.1 (Brucker 2000).

(2) rHbl.1 (0ptr0®) The recombinant hemoglobin named rHbl.1 (Optr0®) and
originally developed at Somatogen in collaboration with the Laboratory of
Molecular Biology in Cambridge (Brucker 2000; Loeb et al. 1997; Looker
et al. 1992; Rattan et al. 1995), is based on rHb0.1. A further Vall — Met
mutation was introduced to optimize protein expression in bacteria. rHbl.1
was proposed as a blood substitute in elective surgery and as a stimulating
agent of erythropoiesis. It was demonstrated that bone marrow depression
following administration of AZT to normal and to murine models of AIDS is
alleviated by the administration of rHbl.1 alone or in combination with
erythropoietin (Moqattash et al. 1997). Furthermore, it was proposed that
rHb1.1-induced renal vasoconstriction leads to the production of erythropoi-
etin, thereby stimulating erythropoiesis, and that the administration of rHb1.1
together with erythropoietin can increase the production of RBCs (Chang
1997).

(3) rHb2.0 Developed by Baxter Hemoglobin therapeutics (formerly Somatogen),
it is based on rHbl.1 but contains additional mutations to reduce the NO
dioxygenase activity. Studies with sperm whale myoglobin and human Hb
showed that substitution of some residues in the distal heme pocket, namely
LeuB10 and ValEl1, can reduce the reaction rate of NO with oxyHb due to
steric hindrance (Doherty et al. 1998; Eich et al. 1996; Hartman et al. 1998;
Olson et al. 2004). In a subsequent work (Doherty et al. 1998), a series of
mutant recombinant di-o-Hbs was produced by changing on the f chains the
residues LeuB10, ValE11l and LeuGS, located in the distal heme pocket, to
larger hydrophobic residues (Phe, Leu, Trp and Ile). As a result, changes in
both oxygen affinity and rate of NO reaction were obtained. This study
demonstrated for the first time that NO scavenging is directly correlated with
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NO-dependent oxidation rate of oxyHb and that the rate of NO scavenging
correlates with the pressure responses observed upon administration of
recombinant Hb. rHb2.0 exhibits a 20 to 30 times lower NO-scavenging rate
with respect to Hb and rHbl1.1.

(4) rHb3011 A recombinant Hb (rHb3011) with a reduced rate of NO scavenging
and decreased oxygen affinity was shown to induce a reduced gastrointestinal
dysmotility, measured as percent emptying of the stomach, in comparison with
rHbl.1.

(5) Hemoglobin Polytaur It is an auto-polymerizing Hb mutant designed via site
directed mutagenesis following the observation that an additional surface Cys
residue in the natural mutant hemoglobin Porto Alegre (Ser9 — Cys) indu-
ces polymerization through the formation of inter-chain disulfide bonds
(Baudin-Creuza et al. 2002; Tondo et al. 1974). Hb Polytaur is a recombinant
o-human/f$-bovine hybrid hemoglobin capable of forming inter-tetramer
disulfide bridges due to the iSer9 — Cys mutation, promoting spontaneous
inter-tetramer polymerization (Bobofchak et al. 2003; Faggiano et al. 2011;
Fronticelli and Koehler 2009; Fronticelli et al. 2007). Being based on bovine
Hb, it shows an intrinsic lower affinity for oxygen with respect to human
hemoglobin and is not regulated by BPG, which is not present in bovine
erythrocytes.
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Chapter 4
The Role of Blood and Plasma Viscosity
in Restoring Oxygen Delivery Capacity

Amy G. Tsai, Judith Martini, Beatriz Y. Salazar Vazquez,
Pedro Cabrales, Seetharama A. Acharya and Marcos Intaglietta

4.1 Introduction

It is a generalized perception that blood products are needed when oxygen (O,)
delivery capacity is jeopardized by the decrease of blood’s intrinsic O, carrying
capacity due to the decrease of hematocrit (Hct) or blood hemoglobin. Using a
blood transfusion is certainly a direct, proven and in principle effective way of
remedying this problem, and since a blood transfusion restores blood volume and
O, carrying capacity it is logical that the development of blood substitutes should
focus on this goal.

Advances in recombinant technology and stem cell manipulation may produce
a blood substitute with most of the features of blood, including encapsulation of
the O, carrying agent at high concentration within a membrane, i.e., a red blood
cell (RBC) like O, carrier. However production of clinical materials in quantities
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sufficient for blood transfusion scenarios is unlikely to become available at costs
within means of most health care systems. This situation restricts the development
of blood substitutes to hemoglobin (Hb) solutions and vesicle encapsulated Hb
suspensions (HBOCs, hemoglobin based oxygen carriers) with physical properties
that are significantly different from blood.

It is well established that biological systems are sensitive to mechanical stimuli
such as hydraulic pressure and shear stress, and react to their action by stimulating
production of a host of chemicals, cytokines and genes, a process labeled bio-
chemical mechanotransduction. One of the most important mechanical interactions
which occur in the circulation is at the blood tissue interface which comprises the
edge of the blood column, the cell free layer, the glycocalyx and the endothelium.
In this region the interaction between blood and the vessel wall is fundamentally
affected by the composition of blood and the resulting flow properties, which
ultimately determines the functionality of the microcirculation, therefore the
changes in blood physical and flow properties induced by HBOCs can play a
significant role in the process of blood substitution.

4.2 Maintenance of Microvascular Function: A Necessary
HBOC Property

The restoration of blood’s intrinsic O, carrying capacity is ineffectual unless the
microcirculation is functional; therefore a fluid that replaces blood and carries O,
will not achieve its purpose unless simultaneously maintaining microvascular
function.

Remarkably most intravenous fluid i.e., plasma expanders, administered in
critical illness and in the treatment for blood losses were primarily designed for
blood volume maintenance, a role in which they are used up to the so called
“transfusion trigger”. This point defines the condition at which a blood transfusion
is indicated and fluid volume maintenance by plasma expanders in combination
with the remaining O, carrying capacity of RBCs is estimated to have exhausted
its ability to maintain tissue metabolism. However, the need to attain a functional
microcirculation is not explicitly addressed in the formulation of presently used
plasma expanders.

The principal properties that characterize plasma expanders are the molecular
nature of the solute, period of intravascular retention, coagulation related factors and
cost. The use of crystalloids leads to tissue edema, which is avoided by the use of
colloids. Administering a plasma expander up to the transfusion trigger is a neces-
sary and ubiquitous component of treatment and resuscitation; however objectives
beyond the normalization of blood volume are not explicitly identified or addressed.

Experimental studies in the field of shock resuscitation highlight the role of
microvascular function in resuscitation (Salazar Vazquez et al. 2008), showing that
the critical issue in resuscitation is maintenance of microvascular function and
restoration of O, carrying capacity which are reduced in parallel during
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hemorrhage, hypovolemia, etc. Notably restoration of O, carrying capacity per se
is not necessarily sufficient to treat blood losses unless microvascular function is
restored. Conversely, restoration or maintenance of microvascular function even
during significant decreases of intrinsic O, carrying capacity can compensate for
the reduced O, transport capacity, since comparatively few RBCs suffice to
oxygenate the tissue and maintain metabolism, if microvascular function is nor-
mal. These considerations are important in designing of HBOCs and formulating
their O, carrying capacity, which is a function of the carrier concentration, one of
the determinants of adverse reactions and toxicity (Cabrales et al. 2008).

4.3 Plasma Expanders as a Model for HBOC Properties

Plasma expanders have been broadly characterized in terms of: (1) circulating/
intravascular time; (2) colloid osmotic pressure (COP) ; (3) ability to reduce blood
viscosity; and, (4) lack of RBC aggregation.

Factors that define an optimal plasma expander are prolonged maintenance of
circulating volume and central blood pressure, lack of RBC aggregation, effec-
tiveness at low concentration and maintenance of tissue perfusion. How to achieve
these properties is a subject of controversy regarding viscosity, COP, and the type
of material needed that insures adequate perfusion of all organs. Furthermore what
is applicable and necessary for a plasma expander should apply to a HBOC.

Plasma expanders as currently formulated and HBOCs invariably reduce blood
viscosity when introduced in the circulation. Although reduction of blood viscosity
has been regarded as beneficial since antiquity, Tsai et al. showed that as blood
viscosity is reduced by hemodilution, microvascular function is progressively
impaired, jeopardizing tissue survival due to microscopic maldistribution of blood
flow (Tsai et al. 1998b). Maintenance of microvascular function has been achieved
with hypertonic (7.5% sodium chloride solution) small volume resuscitation which
reverses endothelial swelling induced by hemorrhagic shock (Mazzoni et al. 1990),
improves systemic hemodynamic parameters and partially restores organ perfusion
(Cryer et al. 2005; Zakaria el et al. 2006). Clinical trials, however, did not show
better outcome using these solutions (Bunn et al. 2004) probably due to
concomitant sustained venular constriction (Bouskela et al. 1990). The combina-
tion of hypertonic and hyperviscous plasma expander resuscitation provides
improved resuscitation in experimental studies when compared to either formu-
lation administered singly (Cabrales et al. 2004b).

An Hb solution formulated to provide O, carrying capacity, i.e., a HBOC, can
be modeled by a colloidal plasma expander of the same physical properties. This
approach is useful for identifying the effects and efficacy of a HBOC, indepen-
dently of the effects due to molecular Hb in the circulation such as nitric oxide
(NO) scavenging and the release of heme.
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4.4 Optimal Plasma Expansion Properties

Maintenance of tissue perfusion is a critical microvascular function, and therefore
should be the target for plasma expansion. Functional perfusion is characterized by
functional capillary density (FCD) which quantifies capillary perfusion by mea-
suring the total length of capillaries with transit of RBCs during 30 s per unit area
of tissue analyzed. This parameter was not evaluated clinically until recently
(De Backer et al. 2007; Vincent et al. 2005). Capillary perfusion is usually linked
to O, delivery to the tissue leading to the assumption that maintenance of adequate
tissue PO, reflects normal tissue function, however studies in hemorrhagic shock
show that survival is determined by maintenance of FCD and independent of tissue
PO, level (Kerger et al. 1996).

Current plasma expansion formulations do not address their effects on micro-
vascular function. This is partially due to the lack of a mechanistic understanding
on the consequences of changing blood composition and properties following their
introduction in the circulation on microvascular physiology.

Blood transfusions are successfully used for resuscitation; however, it is not
certain that their main contribution during the initial intervention is the restoration
of O, transport capacity. Resuscitation from hemorrhagic shock in awake hamsters
with fresh blood, non-oxygen carrying fresh blood equilibrated with carbon
monoxide, and blood whose Hb was converted to methemoglobin was equally
successful (Cabrales et al. 2007a). Therefore in this process blood contributes to
resuscitation by restoring properties unrelated to O, carrying capacity such as
increasing blood viscosity, reduced by decreased hematocrit (Hct), autotransfusion
and blood volume restoration by plasma expanders. Hct is the major contributor to
blood viscosity, therefore is likely that the transfusion trigger in some instances is
actually a “blood viscosity trigger”, indicating that there is a portion of anemia
that may be treated solely by increasing blood viscosity, an effect that can be
achieved by increasing plasma viscosity with a suitable plasma expander. Fur-
thermore the Hct and therefore blood viscosity threshold that causes the decrease
of FCD tends to coincide with the decision of transfusing blood.

In terms of the actual effects of a blood transfusions, it is likely that restoring
blood viscosity (Cabrales et al. 2005a, 2007a, 2007b) is as important as the pro-
vision of additional O, carrying capacity. Therefore the effect of using RBCs to
increase blood viscosity can also be achieved using a viscogenic plasma expander.
Also, RBCs increase blood viscosity most effectively in the central circulation,
since Hct is significantly reduced from the systemic to the microcirculation.
Conversely viscogenic plasma expanders increase blood viscosity throughout the
systemic and microcirculation.
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4.5 Blood Rheology and Blood Flow Regulation

Blood rheology is primarily determined by the exponential relationship between
blood viscosity and Hct. In general viscosity is a function of the rate at which fluid
is deformed or shear rate. The rate of deformation is a direct function of the
applied shear stress, and viscosity is the ratio between shear rate and shear stress.
This ratio is constant for a Newtonian fluid like blood plasma, and depends on
shear rate for blood, which becomes less viscous with increasing shear rate. This
property labeled “shear thinning” causes the velocity profile of blood flowing in a
blood vessel to become blunt when compared to the velocity distribution of a
Newtonian fluid which is parabolic.

The O, carrying and delivery capacity of blood are intertwined since carrying
capacity is determined by Hct, which influences blood viscosity and therefore
blood flow hindrance. In the healthy organism this relationship is auto regulated by
mechanotransduction, whereby increased O, carrying capacity, i.e., Hct and
therefore blood viscosity, increases vessel wall shear rate (WSS) and the pro-
duction of vasodilators by the endothelium (Frangos et al. 1996).

In the circulation, Hct is distributed varying from the systemic value of about
45% in men and 40% in women to about 10% in the capillary circulation as shown
in Fig. 4.1. As a consequence the viscosity of blood in the capillary circulation is
approximately that of plasma, while systemic blood viscosity is about 4.5 cP
(Lipowsky and Firrell 1986). The extension of the capillary circulation and its
minimal Hct and O, partial pressure suggest that tissue oxygenation may not a
critical capillary function, with important implications for how to specify the O,
affinity of HBOCs so that they distribute O, to the microvascular network pro-
viding optimal tissue oxygenation.

Blood viscosity in the circulation is a factor in setting peripheral vascular
resistance and therefore cardiac output (CO). However, it is not the only fluid
related determinant of blood flow hindrance, which also results from the friction
caused by flow on the vessel wall, or vessel wall shear stress (WSS) determined in
part by the shear thinning properties of the fluid. Shear thinning is caused by
aggregation in the fluid components which are dispersed or reduced as shear rate
increases. This effect blunts the velocity profile and transfers shear stress related
viscous losses from the bulk of the fluid, and particularly the center of tube fluid
flow where shear rates are small, to the periphery where they are maximal (Sriram
et al. 2012), increasing WSS by comparison to a Newtonian fluid as shown dia-
grammatically in Fig. 4.2.

Blood viscosity and shear thinning are synergistic since they determine
peripheral vascular resistance, CO and therefore blood flow. Blood flow in com-
bination with the viscosity at the vessel wall determines WSS, which modulates
the production of vasodilators such as nitric oxide (NO) and prostaglandins
(Frangos et al. 1985, 1996). This effect influences the anatomical (geometrical)
component of vascular resistance independently of centrally mediated controls.
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Fig. 4.1 Distribution of Hct 12 = .
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4.6 Blood Rheology and Plasma Expansion

Introduction of a plasma expander or a low viscosity HBOC in the circulation
causes hemodilution and increases CO. Most plasma expanders in use are mostly
Newtonian fluids that have plasma like viscosity (about 1.2 cP). Furthermore they
tend to decrease blood’s non-Newtonian behavior by lowering aggregation and
therefore reducing shear thinning behavior.

The distribution of Hct in the circulation determines that hemodilution with a
conventional, low viscosity (about 1.2 cP) plasma expander lowers the viscosity of
the central blood vessels, having a significantly lesser effect in the microcirculation,
and in practice has no effect in the capillaries. Conversely, moderate hemodilution
with a high viscosity plasma expander has proportionally a maximal effect in the
large surface area capillary system and a lesser effect in the central blood vessels.

Continuing hemodilution causes the progressively decrease of WSS since vis-
cosity drops more rapidly than the increase in blood flow. Introduction of a HBOC
(or a plasma expander) with plasma-like viscosity when Hct is reduced to approx-
imately half, which corresponds approximately to the conventional transfusion
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Distribution of Shear Stress in hemodilution
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Fig. 4.2 Hemodilution with a Newtonian and a shear thinning inducing plasma expander (PE).
In shear thinning blood core flow has low shear rates and therefore high viscosity, blunting
velocity profiles. This increases WSS due to decreased angle &, inversely proportional to shear
rate. In this example shear rate in the shear thinning flow is 2.8 times that in the Newtonian flow.
Multiplying shear rate along the velocity profile times viscosity measured at that shear rate yields
WSS. Vessel diameter vasodilation effect of +20% due to increased NO production is also shown,
counteracting the increase of shear rate. Maximal flow velocity decreases but blood flow increase
due to the change in velocity profile and vasodilation

trigger, will further decrease blood viscosity and WSS causing vasoconstriction due
to reduced mechanotransduction.

Vasoconstriction has a collateral effect since it curtails transmission of central
blood pressure to the capillaries, lowering capillary pressure, causing their collapse
and decreasing FCD, effects that have been documented by direct in vivo studies
of the microcirculation.

A key aspect of the use of a low viscosity HBOC is that independently of its O,
carrying properties, its introduction at the transfusion trigger is identical to
continuing the hemodilution process. Thus there is a vasoconstriction response in
the circulation that is solely due the lowering of WSS which reduces vasodilator
production, independently of the innate property of molecular Hb to scavenge NO.

4.7 Counteracting Vasoconstriction with Supra-Perfusion

Increasing plasma viscosity in hemodilution is a proven procedure for increasing
WSS. This effect is attained with plasma expanders that increase plasma viscosity
to about 2.5-2.8 cP which even with Hct at about half of normal, causes overall
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blood viscosity to be lower than normal which leads to a significant increase in
CO. This increase in CO in combination with the higher viscosity significantly
increases WSS. In the healthy organism, with normal endothelial function the
increase of WSS increases the production of NO, particularly in the microcircu-
lation, the area with the largest endothelia surface in the circulation.

The significant increase in NO (Sriram et al. 2012; Tsai et al. 2005) causes
vasodilatation, which in combination with lowered over all blood viscosity results
in condition of supra-perfusion characterized by comparatively high FCD and
capillary flow velocities that are 25-50% above baseline. These effects become
particularly evident when systemic Hct is reduced 75% of baseline normal levels
and cannot be obtained unless plasma viscosity and/or WSS are increased.

Supra-perfusion from increased plasma viscosity hemodilution re-distributes
pressure in the circulation (Mirhashemi et al. 1987b), increasing pressure in the
capillaries which is critical for maintaining FCD as shown by direct measurements
of capillary pressure (Cabrales et al. 2004c). An important additional systemic
effect due to lowered Hct and overall blood viscosity occurs in the venous return
where central venous pressure is increased, improving cardiac performance and
increasing CO (Messmer et al. 1972). It should be noted that this synergy between
viscogenic plasma expansion, pressure redistribution and increased mechano-
transduction is not common to all viscogenic plasma expanders (Cabrales et al.
2005b), appearing to be a feature of colloidal plasma expanders based on relatively
large molecules (Sakai et al. 2000).

4.8 Blood Viscosity, Hemodilution and Viscogenic Plasma
Expansion

Studies of blood rheology tend to demonstrate that increased blood and/or plasma
viscosity result from or lead to pathological conditions. However, there is growing
evidence supporting that increased plasma viscosity is not detrimental and may be
beneficial. Chen et al. (Chen et al. 1989) elevated plasma viscosity fourfold (4 cP)
finding vasodilation and reduction of vascular hindrance in several vital organs.
Waschke et al. (Waschke et al. 1994), found unchanged cerebral perfusion when
blood was replaced with fluids with the same O, carrying capacity and viscosities
varying from 1.4 to 7.7 cP. Krieter et al. (1995) infused dextran 500 kDa and found
maximal tissue PO, in skeletal muscle and liver at plasma viscosities of 3 and 2 cP
respectively. De Wit et al. (1997) found that elevation of plasma viscosity elicited
sustained NO-mediated dilatation in the hamster muscle microcirculation.
Substitution of RBCs with a colloidal or crystalloid solution is safe up to
exchanges of 50% of the RBC mass (Tuma 1989). A 50% decrease in Hct brings
the Hb concentration to the transfusion trigger, usually about 7 g Hb/dl. At this
Hct, tissue O,, blood pressure and FCD are normal. Microvascular conditions
change when this threshold is passed (Intaglietta 1989), leading to lowered FCD.
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Thus, maintain rheologic properties of blood during resuscitation from hemor-
rhagic shock is a factor in restoring organ perfusion. Wang et al. could not
maintain CO using 2x, 3x and 4x shed blood volume of Ringer’s lactate in
hemorrhagic shock resuscitation in rats, although total peripheral resistance was
restored with the 4x infusion (Wang and Chaudry 1991). However Ringer’s lactate
4x infusion did not restore or maintain microvascular flow in the liver, spleen,
skeletal muscle and small intestine (Wang et al. 1990).

It is important to consider that attainment of the beneficial effect of viscogenic
plasma expansion requires a normal vascular endothelium with functional glyco-
calyx that responds to mechanical stimuli. This condition may not be present in
clinical situations involving older subjects (Herrera et al. 2010), especially those
with underlying cardiovascular pathologies such as diabetes and atherosclerosis,
associated with altered glycocalyx and endothelial dysfunction. High viscosity
plasma expanders increased the heart’s workload since it has to pump a higher
viscosity blood. This may also limit its application in higher risk patients afflicted
with cardiac failure/dysfunction. Therefore this approach may be more directly
applicable in military medicine, in the treatment of military battlefield casualties, a
population that is generally young and physically fit.

4.9 The Viscosity of Colloidal Plasma Expanders

Historically non-crystalloid plasma expanders were formulated to limit their vis-
cosities. Gelatin, dextran and starch solutions have viscosities in the range of 2 cP
prior to administration. The inherent dilution of materials upon introduction into
the circulation determined that final plasma viscosity was similar to normal, i.e.,
about 1.0-1.2 cP. Hemoglobin based oxygen carriers (HBOC) were also formu-
lated to limit their viscosity.

The viscosity of a colloidal solution is determined by the number of particles
per unit volume and the solute molecular volume. Therefore augmenting con-
centration of low molecular volume species to increase viscosity of plasma
expanders increases COP, bringing interstitial fluid into the circulation, diluting
the material, lowering viscosity, a self-limiting process.

Viscogenic plasma expanders are: (1) Hydroxyethylstarch (HES; Voluven®,
6%, 140 kDa), Pentaspan®, 10%, 200 kDa), Hextend®, 6%, 500 kDa). The vis-
cogenic effects of these materials have a relatively short duration due to their high
COP. (2) Polyvinylpyrrolidone (PVP; ~ 1.1 MDa) causes immune and inflam-
matory reactions related to the distribution of molecular weights in the compound
when studied in the brain circulation (Rebel et al. 2001) and is not completely
eliminated from the organism. It is no longer approved for human use in the US.
(3) Dextran, namely branched polysaccharides (40, 70, 500 kDa). They present a
small probability of causing anaphylactic shock (Michelson 1968) and Dextran
>250 kDa causes RBC aggregation when blood Hct is near normal. (4) Alginate.
A polysaccharide derived from seaweed with high viscosity at low concentrations
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(0.7% solution has viscosity of 8 cP and virtually no COP) used extensively in
biotechnology due to its water-binding and viscosifying properties. They present a
mixture of M (manuronic acid) and G (glucuronic acid) and their applicability
depends on optimizing the relative concentrations (Cabrales et al. 2005¢; Ertesvag
et al. 1999). (5) Keratin. Alpha-keratin derived from human hair was used suc-
cessfully in exchange transfusions in dogs (Ewald et al. 1964). (6) Pegylated
proteins, a class of large volume molecules generated by attaching polyethylene
glycol (PEG) chains to the surface amino groups of proteins (Cabrales et al. 2005¢).

Table 4.1 summarizes the viscosity and COP of several plasma expanders that
are currently used clinically or are being investigated as potential next generation
fluids. Additionally summarized in this table are the results from microvascular
studies when the fluids were used to extend the transfusion trigger in a hemodi-
lution protocol. Functional capillary density achieved during this state correlates
with the plasma viscosity after the study fluid was exchanged and Hct lowered to
11%, an “extreme hemodilution” state. A closer inspection of the results further
suggests that a viscosity threshold needs to be established in order to attain the
higher FCD levels.

Each one of these molecular species can serve as a design model for proposed
modifications of Hb to be used in HBOCs. Albumin is a particularly suitable
globular protein that can be polymerized and conjugated with PEG to reproduce
the physical effects of polymerizing Hb and conjugating Hb with PEG indepen-
dently of the O, transport properties (Cabrales et al. 2005d).

Table 4.1 Plasma expander properties. After extreme hemodilution: plasmaproperties and
functional capillary density

Solution Solution COP Plasma FCD
Viscosity (cp) (mmHg) Viscosity (cp) (relative to baseline)
HSA, 5 %* 09 21 0.49
’ 1.17
Mal-Propyl-P5SK6-HSA, 4 %° %2 42 0.67
1.8
Dextran 70, 6 %° 2.8 50 0.38
1.4
HES 200/0.6, 10 %" 43 99 0.66
1.3
Dextran 500, 6 %° 59 32 071
2.2
Alginate, 0.7 %° 8.8 31 076
2.7

? Human Serum Albumin (Baxter). Sakai et al., 2005, Am J Physiol Heart Circ Physiol.

" PEGylated Human Serum Albumin (Sangart). Cabrales et al., 2005¢c, d, eAm J Physiol Heart
Circ Physiol.

¢ Tsai et al., 1998a, b, Am J Physiol Heart Circ Physiol.

d Hydroxyethyl starch, Pentaspan (B. Braun). Cabrales et al., 2005a, b, c, d, eAnesthesia.

¢ Alginate (Novamatrix/FMC Biopoymer) , with Dextran 70, 4% to adjust COP. Cabrales et al,
2005c, d, eAm J Physiol Heart Circ Physiol
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4.10 PEG-Albumin, a Low Viscosity Plasma Expander
that Causes Supra-Perfusion

PEGylated proteins are a family of molecules that produce supra-perfusion when
used as plasma expanders, although they are not particularly viscogenic. PEG-
Albumin (PEG-Alb, 4 % protein concentration with viscosity of 2.2 cP) used for
extreme hemodilution yields a FCD of 62% despite only elevating plasma vis-
cosity to 1.3 cP (Tsai et al. 2007) as shown in Fig. 4.3. Notably CO increased 50%
above baseline (Cabrales et al. 2005¢) establishing conditions of supra-perfusion.
Although PEG-AIb does not increase blood bulk viscosity, it does increase WSS
and the production of NO by the endothelium. This result is a consequence of
PEG-AIb restoring the shear thinning properties of blood, with the additional
advantage of maintaining a low bulk blood viscosity, thus facilitating cardiac
function (Sriram et al. 2012). The effect by which shear thinning in blunting the
velocity profile increasing WSS is augmented by the cell free layer whose low
viscosity (relative to that of core flow blood) further increases shear rate and shear
stress at the wall.

Studies with PEG-Hb show similar effects, even though this molecule scav-
enges NO resulting in a low NO concentration in the vascular wall when used in
identical hemodilution conditions as PEG-Alb, which shows 2-3 fold increase in
microvascular wall NO concentration (Tsai et al. 2006). This anomalous effect is
probably not related to additional NO originating from nitrite reductase activity
(Lui et al. 2008; Lui and Kluger 2009) or ATP (Ellsworth et al. 2009) released
from RBCs since direct measurements of vessel wall NO concentration show that
this is low (Tsai et al. 2005) due to the NO scavenging properties of Hb.

Perivascular NO WSS Cardiac Output
relative to BL
3000 (b {oBlec) ( ) 45 (W Beseie
; [ Dex 70kDa
Il Dex 500 kDa
2000+ 1.0 |03 pec-Ab
3 PEG-Alb MODEL
1000+ +0.5
0+ 0.0

Fig. 4.3 PEG-Alb, a low viscosity plasma expander investigated experimentally in extreme
hemodilution (Het 11%) and analytical modeling § (Sriram et al. 2012). Results are compared with
data from Dextran 70 kDa and 500 kDa, low and high viscosity plasma expanders (Tsai et al. 2005;
Tsai et al. 1998b). Baseline: whole blood. PEG-AIb leads to similar WSS and vessel wall NO
bioavailability as the high viscosity plasma expander, even though the resulting plasma viscosity is
significantly lower (1.3 vs. 2.2 cp). This effect is due to shear thinning of the blood/PEG-Alb
mixture. NO bioavailability is greater than in blood because increased cell free layer dimension
limits NO scavenging by Hb. Dex 70 kDa, due low viscosity does not cause sufficient WSS
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It should be noted that NO is not the only vasoactive mediator released from the
endothelium by shear stress. The original experiments on mechanotransduction by
Frangos et al. (Frangos et al. 1985) and Grabowski et al. (1985) showed that shear
stress promoted the release of prostaglandins, and Koller and Kaley (1990) showed
that this effect had a strong vasodilator effect. This phenomenology that is
independent of the management of NO has not been explored in relation with the
development of HBOCs which primarily focused on the NO management by the
presence of Hb in plasma and low viscosity solutions and therefore low WSS
conditions.

4.11 Plasma Expansion and O, Transport and Availability

Hemodilution decreases blood O, carrying capacity which viscogenic plasma
expansion compensates for by significantly increasing flow velocity. O, is deliv-
ered by convection through and diffusion out of the blood vessels. Increasing flow
velocity increases O, convection and allows for an increased capillary O, since O,
diffusion or exit rate remains constant.

Vessel wall NO concentration increases significantly with PEG-Alb hemodi-
lution due to increased endothelial production and decreased scavenging due to
lower Hb blood concentration and an increased cell free plasma layer width,
distance between the endothelial cell source and the RBC column sink. Increased
NO bioavailability also affects O, metabolism as shown in conscious canines at
rest and during exercise, where inhibition of NO synthesis increased O, con-
sumption at all levels of external work, independent of the change in skeletal
muscle blood flow (Shen et al. 2000). Human skeletal muscle blood flow and O,
uptake measured using positron emission tomography show that inhibition of NO
production enhances resting muscle O, uptake by 20%.

However cell respiration is inhibited when inducible NO synthase increases NO
generation (Bolafios et al. 1997). Decreasing O, consumption through stimulation
of NO synthesis is how angiotensin-converting enzyme inhibitors (enalapril)
increase intrarenal O, tension (Adler and Huang 2002). Dietary nitrate supple-
mentation produces NO synthase-independent NO (Gladwin et al. 2005) increas-
ing circulating nitrite (Lundberg and Govoni 2004) forming NO, reducing O,
consumption during maximal arm and leg exercise (Larsen et al. 2010). Therefore
studies evidence that increased NO concentration lowers O, metabolism and vice
versa. The significance of the NO—O, metabolism relationship is that increased NO
bioavailability may reduce O, demand which is equivalent to increasing O, car-
rying and delivery capacity.
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4.12 Effect of Viscogenic Plasma Expansion on Cardiac
Function

The heart plays a central role in plasma expansion since it has to be able to respond
to the decreased peripheral vascular resistance by increasing CO. Increasing
plasma viscosity affects heart function differently depending on whether we
consider the heart as a tissue or an organ. Heart function is presumably improved
due to viscous plasma perfusion since like all other tissues it should show vaso-
dilation and therefore increased perfusion of the heart muscle. Conversely, viewed
as an organ, increasing plasma viscosity increases the workload and energy
requirements, as more fluid with greater viscosity is pumped at a higher rate.

Increased plasma viscosity improves muscle tissue perfusion and therefore
heart function, however the increased blood viscosity will increase cardiac
workload by comparison to lower viscosity blood when delivering the same blood
flow to the tissues due to increased vascular resistance. For healthy young subjects,
the heart has sufficient functional reserve capacity so that it will increase its
contractility to meet the increased workload. However, the heart of subjects with
significant underlying cardiovascular disease, has limited functional reserve to
deal with the increased workload (Cotter et al. 2002) therefore this approach
requires a careful assessment of benefit-risk before use in human subjects.

It should be noted that the increase in plasma viscosity with a viscogenic
plasma expander is inevitably associated with the decrease of Hct, therefore vis-
cogenic hemodilution and the decrease of blood viscosity, are compensating
effects that in practice tend to keep overall blood viscosity constant. Since the
objective of increasing plasma viscosity is that of increasing O, delivery capacity
through the induction of supra perfusion, a comparison between the available
approaches and related risks should include alternatives, namely HBOCs and
blood. As previously discussed, HBOCs must contend with the effects of low
viscosity, WSS and NO leading to vasoconstriction, while a blood transfusion
(packed RBCs) will significantly increase blood viscosity. Therefore increasing
plasma viscosity to twice its normal value, which is sufficient to elicit the supra-
perfusion effect, in general will not result in an increase of blood viscosity beyond
the normal value.

Cardiac function studies in small animal were made using a miniaturized
conductance catheter for real-time measurements of pressure and volume in the
left ventricle. These experiments allowed evaluating left ventricular function,
independent of load conditions and heart rate (Georgakopoulos et al. 1998; Nishio
et al. 2002; Pacher et al. 2004; Westermann et al. 2008). Comparing the effects of
low and high viscosity plasma expanders on heart function, these studies showed
that PEG-AIb causes a significant improvement on cardiac performance during
hemodilution and resuscitation from hemorrhagic shock compared to conventional
and high viscosity colloids.

The cardiac effects of PEG-Alb are due to decreased systemic vascular resis-
tance, and increased on CO and stroke volume (SV) because of increased heart
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energy efficiency in ejecting blood diluted with PEG-Alb compared to plasma
expanders with higher viscosities, as indicated by the decreased work needed to
eject a unit of volume. In hemodilution and shock resuscitation studies, CO was
increased with PEG-Alb (Cabrales et al. 2005b, 2005e; Martini et al. 2008;
Winslow et al. 2004). The increase in CO after hemodilution and resuscitation
from hemorrhagic shock with PEG-AIb is due to decreased blood viscosity and
compensatory mechanism to reduced blood O, carrying capacity to maintain
adequate tissue oxygenation and organ function (Mirhashemi et al. 1987a).

Studies of hemodilution and resuscitation from hemorrhagic shock demon-
strated that PEG-Alb increased stroke work as compared to other plasma
expanders, indicating that PEG-AIb provides sufficient O, to permit the heart to
increase its function. Conversely, infusion of high viscosity plasma expanders
gradually decreased stroke work over time, indicating a lack of sufficient energy to
maintain ejection of blood. Microvascular studies during hemodilution with PEG-
Alb have shown an increase in O, delivery and extraction when compared to other
plasma expanders (Cabrales et al. 2005d). A similar response can take place at the
heart microvasculature, explaining the superior mechanoenergetic responses
produced by PEG-Alb compared to higher viscosity plasma expanders.

Ejection of blood diluted with PEG-Alb presented a lesser functional load to
heart, lowering the energy consumed per unit volume by comparison with viscous
plasma expanders. Moreover, during resuscitation from hemorrhagic shock, PEG-
Alb also sustained a higher energy to blood ejected per unit of volume compared to
resuscitation with plasma expanders with higher viscosity. Counter intuitively,
PEG-AIb resuscitation from hemorrhagic shock improved and maintained load-
dependent parameters (e.g. dp/dtmax, dp/dtmin and dv/dty.x) compared to viscous
plasma expanders. This result implies an increase in contractile function and
volumetric change, and that low viscosity active plasma expanders yield signifi-
cant beneficial effects during resuscitation (Chatpun and Cabrales 2010a, 2010b).

4.13 Summary and Conclusions

Plasma expanders are generally considered a mature, well established and clini-
cally well integrated technology, which may be the case if their sole purpose is the
restoration and maintenance of circulating volume. In this scenario plasma
expansion is a process to be followed by blood transfusion once it reaches a limit
usually perceived to be due to the deficit on O, carrying capacity, but that in many
cases may reflect the failure of microvascular function. It should be apparent that
substituting blood with a HBOC in the resuscitation sequence that starts with
plasma expansion to maintain blood volume will not be fully effective since in
general HBOCs lack the fluid mechanical properties with which blood causes the
microcirculation to be functional. In fact it is likely that many HBOC formulations
result in fluid mechanical properties that are the same as those of conventional
plasma expanders that cannot be effectively used beyond the transfusion trigger.
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It is apparent that in formulating HBOCs concentration of O, carrier the
resulting viscosity of the circulating blood, COP and blood shear thinning must be
specifically related. In this context it becomes important to define the transfusion
process in which the HBOC will be used, i.e., whether it will be administered from
the beginning of the blood volume restoration intervention. Alternatively treatment
may be started with a plasma expander and continued with HBOCs when the
perceived safe limit of O, carrying capacity deficit is reached. In either case a
condition of microvascular collapse will be reached regardless of the circulating
O, carrying capacity unless blood viscosity and WSS are restored to near normal
values or preferentially enhanced in the microcirculation.

It should be noted that in reality plasma expanders that are able to sustain
microvascular function in the presence of significant blood losses are not yet
available, although sufficient data exists from experimental studies to specify and
formulate their characteristics.

Experimental results suggest that an optimal plasma expander should have
shear thinning properties per se, as well as inducing shear thinning in diluted
blood. This combination of properties is probably more desirable than just using a
Newtonian high viscosity fluid, since it would tend to lower the heart workload.
The actual viscosity of these plasma expanders should be formulated so that the
mixture of plasma expander and blood never exceeds the viscosity of normal
blood.

These plasma expanders should induce the increase of CFL dimensions, since
this results in higher WSS. The COP of this plasma expander should be near
normal, considering that recipients may present some degree of hemodilution due
to auto-transfusion and consequent lowered circulating plasma COP. Adding a
fluid with near normal COP minimizes fluid shifts and allows the prediction of the
evolution of rheological effects in the patient’s circulation with greater accuracy.

Availability of this type of plasma expander should be of significant benefit in
transfusion medicine because it potentially extends the margin of safety afforded by
plasma expansion in postponing blood and HBOC transfusions. Furthermore it would
serve as a model for the fluid mechanical properties necessary for designing HBOCs,
which should be formulated as O, carriers with optimal plasma expansion properties,
since otherwise poor plasma expansion negates the benefits of additional O, carrying
capacity. Future developments for extending the applicability these fluids will benefit
from the development of indicators for obtaining a deeper understanding of the
cardiovascular functional status of the individual in treatment an approach that
parallels that discussed in Chap. 6.
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Chapter 5
Pathophysiology of Hemorrhagic Shock
and Resuscitation

Fredric M. Pieracci and Walter L. Biffl

Shock may be defined broadly as a condition in which metabolic energy
production is limited either by the supply or utilization of oxygen, manifest by
derangement of the normal oxygen supply—demand balance, accumulation of the
byproducts of anaerobic metabolism, and dysfunction of one or more organ sys-
tem. In the case of massive hemorrhage, shock is due specifically to impaired
oxygen delivery (VO,) secondary to both hypovolemia and anemia. Restoration of
tissue perfusion, termed resuscitation, proceeds systematically, is based upon the
underlying etiology of shock, terminates upon achievement of clearly defined
endpoints, and requires frequent re-evaluation. Resuscitation has been refined
substantially over the previous decade, with a resultant improvement in the
outcomes of critically ill patients (Brun-Buisson et al. 2004; Martin et al. 2003).
Major changes have included improved accuracy of the assessment of intravas-
cular volume status, recognition of the detrimental effects of both allogeneic blood
product transfusion and excessive volume expansion, and timely, goal-directed
treatment of shock and its complications. This chapter will focus on the diagnosis
of shock, differentiation into hemorrhagic shock, the benefits and limitations of
various measurements used to determine the adequacy of resuscitation, general
resuscitative strategies, and complications of resuscitation.

5.1 Pathophysiology and Etiologies of Shock

Throughout medical history, the notion of shock has been captured using many
colorful terms, ranging from “a momentary pause in the act of death” (Warren
1952) to “the rude unhinging of the machinery of life” (Gross 1872). At the
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cellular level, shock represents inadequate tissue perfusion resulting in compro-
mise of one or more organ systems. Oxygen delivery that is insufficient to meet
metabolic demands is believed to be the main defect responsible for shock,
although impaired oxygen utilization despite normal or even supranormal VO, has
been observed in septic shock specifically. Although hypotension is an important
component of shock, substantial tissue hypoperfusion may exist despite a “nor-
mal” (>60 mm Hg) mean arterial pressure (Wo et al. 1993), so-called occult
hypoperfusion, underscoring the importance of multiple measurements of tissue
perfusion.

Oxygen delivery is the product of arterial oxygen content and cardiac output.
Cardiac output, in turn, is dependent upon intravascular volume, cardiac
contractility, and systemic vascular tone. Derangement of these parameters results
in three broad categories of shock: hypovolemic, cardiogenic, and vasodilatory,
respectively, although less common etiologies of shock are recognized. Hemor-
rhagic shock is considered traditionally as a sub-classification of hypovolemic
shock, as the etiology of hypovolemia is due specifically to blood loss. However,
impaired tissue perfusion in hemorrhagic shock is actually due to both hypovol-
emia (decreased preload) and anemia (decreased arterial oxygen content). This
distinction has obvious therapeutic implications in that both volume and oxygen
carrying capacity must be restored.

Circulating blood volume (L) is approximately 7 % of body weight (kg):
A 70 kg individual thus possesses a blood volume of approximately 4.9 L.
A classification schema espoused by the American College of Surgeon’s Advanced
Trauma Life Support recognizes four classes of hemorrhage based upon absolute
quantities of blood loss (Table 5.1). Although this classification schema is useful
for understanding the serial effects of increasing hemorrhage on physiology, it
does not account for the marked inter-patient variability in the degree of hemor-
rhage that is necessary to cause shock. A myriad of co variables, including age,
comorbid conditions (particularly cardiopulmonary disease), and baseline hemo-
globin concentration, influence this quantity. Thus, a more accurate definition of
hemorrhagic shock involves any quantity of acute blood loss that results in
evidence of end organ hypoperfusion.

Table 5.1 Advanced trauma life support classification of hemorrhage and resultant physiologic
derangements

Class Blood Loss (mL) Pulse rate Blood pressure Pulse pressure RR Mental status

1 Up to 750 Normal  Normal Normal Normal Slightly anxious
II 750-1,500 100-120  Normal Decreased 20-30  Anxious

11T 1,500-2,000 120-140 Decreased Decreased 30-40 Confused

v >2.000 >140 Decreased Decreased >40 Lethargic

Numeric values are for a 70 kg male. RR, respiratory rate
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5.2 Markers of Tissue Perfusion and Endpoints
of Resuscitation

In order to minimize the complications of overzealous volume expansion, shock
must be diagnosed prior to embarking on resuscitation. Although the diagnosis of
shock is often based upon an overall impression by an experienced clinician, it is
helpful to document the presence of shock in terms of objective measurements of
tissue perfusion. Concern for shock is often raised initially in the face of organ
system dysfunction. Major organ systems and associated signs of hypoperfusion
are listed in Table 5.2. The main limitation of measurements of individual organ
function is that derangement may be due to intrinsic disease as opposed to
hypoperfusion, mandating measurements of global tissue perfusion.

Multiple markers of global tissue perfusion exist; they may be grouped broadly
into measurements of either the amount of oxygen delivered to the tissue
(upstream markers) or the adequacy of tissue DO, given the level of metabolic
demand (downstream markers). Examples of upstream markers include mea-
surements of intra-vascular volume status, cardiac output, and direct calculation of
DO,. Examples of downstream markers include measurements of either oxygen
extraction or anaerobic metabolism. Whereas upstream markers are useful for
gauging which aspect of circulatory system derangement requires therapy (i.e.,
intravascular volume, cardiac contractility, or vascular tone), downstream markers
generally identify a global problem with perfusion, as well as inform the response
to resuscitative interventions (i.e., the adequacy of resuscitation).

Measurements of volume status may be dichotomized as either static or
dynamic. Static measurements record a point estimate of absolute intravascular
volume status which is then extrapolated to assess preload responsiveness; whereas
lower values are indicative of hypovolemia, higher values imply volume overload.
In general, intravascular pressure (either venous or pulmonary arterial) is used to
approximate volume. Central venous pressure (CVP) and pulmonary artery
occlusion pressure (PAOP) are the most commonly used static measurements of
intravascular volume status.

Table 5.2 Signs and symptoms of organ hypoperfusion

Organ system Sign/symptom

Central nervous Lethargy, agitation, coma

Pulmonary Acute respiratory distress syndrome

Cardiovascular Hypotension, ST segment depression/elevation, elevation of cardiac
enzymes

Renal Oliguria, decreased fractional excretion of sodium

Gastrointestinal Feeding intolerance, adynamic ileus, stress ulceration/gastritis,

enteritis, colitis

Hepatopancreaticobiliary Hepatitis, centrilobar necrosis, cholestasis, acalculous cholecystitis,
pancreatitis
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The principle limitation of static measurements is that both inter and intra-
patient variability of Frank-Starling curves renders interpretation of absolute
measurements inaccurate. For example, a patient with an elevated CVP may still
be operating on the steep portion of the Frank-Starling curve. Conversely, a patient
with a low CVP need not remain preload responsive. Beyond this limitation, static
measurements of volume responsiveness are influenced by several additional
factors, including changes in intra-thoracic pressure, valvular disease, and
pulmonary hypertension.

In contrast to static measurements, dynamic measurements of volume respon-
siveness exploit physiologic variations in pre-load in an attempt to determine the
efficacy of volume expansion. A determination of preload responsiveness is thus
made irrespective of the underlying absolute volume status. Such “natural”
variations in preload made be divided broadly into respiratory variations, such as
pulse pressure variation (PPV), systolic pressure variation (SPV), and stroke
volume variation (SVV), and positional variations, such as those induced by
passive leg raise (PLR). Respiratory variation in arterial pressure involves the
increase in preload that occurs during passive mechanical ventilation, followed by
a decrease in preload during expiration. These differences in preload translate into
differences in cardiac output, whether measured as SPV, PPV, or SVV. Variability
in preload, and hence cardiac output, is more pronounced when the heart operates
on the steep portion of the Frank-Starling curve, such that an increased variability
corresponds to preload responsiveness. The transfer of effective blood volume
from the capacitance bed of the lower extremity induced by PLR results in a
similar increase in filling pressure, the effect of which is again dependent upon
preload responsiveness. Although dynamic measurements of intra-vascular vol-
ume are not without their limitations, their superiority of static measurements has
been demonstrated convincingly (Michard and Teboul 2002; Marik et al. 2009),
and they are preferred whenever possible.

Intravascular volume status represents only one parameter involved in deter-
mining tissue perfusion. Measurement of cardiac output is useful when evidence of
shock persists despite optimization of volume status. Although cardiac output has
been measured traditionally via thermodilution, both echocardiography (Maslow
et al. 1996) and pulse contour analysis (de Vaal et al. 2005; McGee et al. 2007)
have emerged as non-invasive alternatives with acceptable performance charac-
teristics. Knowledge of the cardiac output, mean arterial pressure, and CVP also
allows calculation of the systemic vascular resistance, a parameter that is useful
primarily for determining the etiology of shock as opposed to guiding
resuscitation.

The most specific upstream measurement of tissue perfusion is DO,. Oxygen
delivery is dependent upon cardiac output, arterial hemoglobin concentration and
saturation, as well as the partial pressure of oxygen in arterial blood. Importantly,
whereas transfusion of allogeneic RBCs likely increases DOy, its effect on VO, is
less clear, with the majority of studies reporting either unchanged or decreased
VO, following transfusion (Kiraly et al. 2009; Tinmouth et al. 2006; Napolitano
et al. 2009). Although low DO, suggests tissue hypoperfusion, the calculation
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suffers from the same aforementioned limitations of static measurements, and
resuscitation guided by driving DO, to normal or even supernormal levels is both
impractical and does not necessarily improve outcomes (discussed below).

As compared to upstream markers, downstream markers measure adequacy of
tissue perfusion with respect to oxygen supply-demand balance, making them
more useful for diagnosing shock, assessing its severity, and tracking response to
therapy. In general, downstream markers capture the magnitude of either tissue
oxygen extraction or anaerobic metabolism.

During normal metabolism, VO, far exceeds consumption, such that DO, is
independent of VO, over a wide range of values. Either decreased DO, or
increased VO, is compensated for by increased oxygen extraction from arterial
blood, resulting in a decreased oxygen saturation of venous hemoglobin as it exits
the tissue bed. Low venous hemoglobin oxygen saturation is thus an early marker
of tissue hypoperfusion. Venous hemoglobin oxygen saturation is measured
readily using catheter-based fiber-optic reflective spectroscopy in either the
pulmonary artery (SvO,) or superior vena cava (ScvO,) with acceptable correla-
tion (Ladakis et al. 2001; Reinhart et al. 2004). Both SvO, and ScvO, reflect
flow-weighted pooling of venous blood from multiple tissue beds with variable
metabolic requirements. A normal value thus does not rule out adequate oxy-
genation of all organ systems. However, a low SvO, (<65 %) is highly suggestive
of tissue dysoxia (Krafft et al. 1993). The ScvO, was a useful endpoint of
resuscitation in a study of protocolized, goal-directed therapy of septic shock by
Rivers et al (Rivers et al. 2001).

Once DO, falls below a critical level, compensation via increased oxygen
extraction is no longer sufficient, an oxygen debt develops, and anaerobic
metabolism ensures. Below this critical level, VO, is dependent upon DO,, and an
increase in DO, will result in corresponding increase in VO,

The three byproducts of mammalian anaerobic metabolism are lactate, pyru-
vate, and hydrogen ion. The arterial lactate concentration is thus proportional
directly to oxygen debt. Both elevation and failure of normalization of the serum
lactate concentration are highly predictive of adverse outcomes among critically ill
patients in shock (Alonso et al. 1973; Moomey et al. 1999; Suistomaa et al. 2000;
Abramson et al. 1993). However, lactate is a non-specific marker of global tissue
hypoxia. This is because several other conditions, including muscle hyper activity,
seizure, accelerated aerobic gylcolysis, and liver disease, may result in elevation of
the lactate concentration, regardless of the presence of shock. Moreover, lactate
clearance lags several hours behind improvement in tissue oxygenation, rendering
the serum lactate concentration problematic for real-time resuscitative efforts.

Hydrogen ion concentration may be estimated by the serum bicarbonate con-
centration, arterial pH, or base deficit. The base deficit is defined as the amount of
base (millimoles/L) required to titrate whole blood to a normal pH at normal
values of temperature, P,CO,, and P,0O,. Elevations of the base deficit beyond the
normal range of —3 to 3 correlate with the presence and severity of shock (Davis
et al. 1988; Rutherford et al. 1992). The base deficit normalizes rapidly following
restoration of tissue perfusion, making it an ideal marker for resuscitation.
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Measurement of the serum bicarbonate concentration may be used as surrogate for
the base deficit with reasonable correlation (Eachempati et al. 2003; Martin et al.
2005) and does not require an arterial sample. Importantly, all measurements of
serum acid are rendered inaccurate in the setting of exogenous bicarbonate
administration. Furthermore, changes in minute ventilation must be appreciated as
variability in P,CO, contributes to the serum acid concentration.

Beyond tissue hypoperfusion, several additional cause of acidosis may co-exist
in the critically ill patient, such as alcohol intoxication and hyperchloremia.
Specifically, large-volume saline resuscitation results in a non-anion gap,
hyperchloremic, metabolic acidosis and hence a persistently elevated base deficit
despite normalization of perfusion (Kellum et al. 1998; O’Dell et al. 2007).
Partitioning of the base deficit addresses this last issue (Fidkowski and Helstrom
2009).

5.3 Resuscitation Strategies

Several resuscitation strategies for hemorrhagic shock specifically are discussed
below. However, we begin with general points regarding the conduct of resusci-
tation, regardless of etiology. Initial management of the patient in shock involves a
rapid assessment of the relative contributions of the various aforementioned eti-
ologies. Assessment typically proceeds in the following manner: (1) intravascular
volume status (including hemoglobin concentration), (2) cardiac contractility,
(3) vascular tone. In reality, multiple diagnostic maneuvers are often undertaken
simultaneously. Correction of pathology occurs in a similar fashion, optimizing
pre-load, followed by cardiac contractility, and finally vascular tone. This
sequence is based upon the fundamental principles of cardiodynamics; efforts to
improve either contractility or vascular tone will be ineffective in the face of
hypovolemia. Furthermore, vasoactive medications offer little benefit if cardiac
output is insufficient to perfuse end organs, and may even impede marginal
cardiodynamics by increasing afterload. Resuscitation is a dynamic process that
mandates frequent re-evaluation. Additional etiologies of shock frequently com-
pound the initial insult. Resuscitation must also be monitored carefully to avoid the
complications of overzealous volume expansion.

5.3.1 Timing of Resuscitation

It is intuitive that timely restoration of tissue perfusion will lead to improved
outcomes. Animal models of hemorrhagic shock have demonstrated that tissue
damage becomes irreversible beyond a critical period of hypoperfusion, after
which time restoration of perfusion is superfluous (Shires et al. 1964). These
observations have led to the concept of the resuscitation window, beyond which
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efforts to normalize perfusion are met with diminishing returns. Numerous data
now support the existence of the resuscitation window. Kern et al. conducted a
meta-analysis of 21 randomized trials comparing goal-directed therapy to con-
ventional management of patients in shock (Kern and Shoemaker 2002). The
majority of studies involved optimization of PAOP, cardiac output, and DO, to
either normal or supranormal levels. A benefit to such therapy was observed only
among those studies that maximized oxygen delivery either before or early after
the onset of organ dysfunction. Early efforts to optimize tissue perfusion have been
shown to be of benefit even in the absence of goal achievement, suggesting that the
timing of resuscitative efforts, rather than attainment of an arbitrary goal,
contributes to outcome benefit (Lobo et al. 2000).

How long, then, does such a resuscitation window remain open? Gattanoni et al.
demonstrated no survival benefit to hemodynamic optimization attempted 12-36 h
after the onset of organ failure (Gattinoni et al. 1995). By contrast, Rivers et al.
documented significant mortality improvement with protocol-driven resuscitation
within 6 h of presentation to the emergency ward (Rivers et al. 2001). Thus,
resuscitation should begin as early as possible; hypoperfusion intervals of greater
than 6-12 h likely cannot be reversed completely with subsequent hemodynamic
optimization.

5.3.2 Permissive Hypotension

In the case of hemorrhagic shock, restoration of tissue perfusion must be balanced
against exacerbation of ongoing hemorrhage by increasing blood pressure. This
dilemma has given rise to the debate regarding permissive hypotension, which
involves deliberate tolerance of lower mean arterial pressures in the face of
hemorrhagic shock in order to minimize further bleeding. This strategy is based on
the notion that decreasing perfusion pressure will maximize success of the body’s
natural mechanisms for hemostasis, such as arteriolar vasoconstriction, increased
blood viscosity, and in situ thrombus formation. Animal models of uncontrolled
hemorrhage have revealed that crystalloid resuscitation to either replace three
times the lost blood volume (Bickell et al. 1991) or maintain 100 % of pre-injury
cardiac output (Owens et al. 1995) exacerbates bleeding (Bickell et al. 1991;
Owens et al. 1995) and increases mortality (Bickell et al. 1991) as compared to
more limited fluid resuscitation.

Randomized trials that compare fluid management strategies prior to control of
hemorrhage among human subjects are limited. In the first large scale trial, Bickell
et al. randomized 598 patients in hemorrhagic shock (systolic blood pressure
<90 mm Hg) who had sustained penetrating torso trauma to either crystalloid
resuscitation or no resuscitation prior to operative intervention (Bickell et al.
1994). Pre-specified hemodynamic targets were not used. Mean systolic arterial
blood pressure was significantly decreased upon arrival to the emergency
department for the delayed resuscitation group as compared to the immediate
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resuscitation group (72 mm Hg vs. 79 mm Hg, respectively, p = 0.02) with a
corresponding increase in survival (70 vs. 62 %, respectively, p = 0.04). A trend
towards a decreased incidence of postoperative complications was also observed
for the delayed resuscitation group.

Two more recent trials have failed to replicate these findings. Turner et al.
randomized 1,306 trauma patients with highly diverse injury patterns and levels of
stability to receive early vs. delayed or no fluid resuscitation (Turner et al. 2000).
Although no mortality difference was observed (10.4 % for the immediate
resuscitation group vs. 9.8 % for the delayed/no resuscitation group), protocol
compliance was poor (31 % for the early group and 80 % for the delayed/no
resuscitation group), limiting interpretability. Most recently, Dutton et al. ran-
domized 110 trauma patients presenting in hemorrhagic shock (systolic blood
pressure <90 mm Hg) to receive crystalloid resuscitation to a systolic blood
pressure of >70 mm Hg vs. >100 mm Hg (Dutton et al. 2002). Randomization
occurred following presentation to the emergency department. Not all patients
required operation, and hemorrhage control was determined at the discretion of the
trauma surgeon or anesthesiologist. Although there was a significant difference in
mean blood pressure during bleeding between the conventional and low groups
(114 mm Hg vs. 110 mm Hg, respectively, p < 0.01), the mean blood pressure
was substantially higher than intended (<70 mm Hg) for the low group, and the
absolute difference between group was likely insignificant clinically. Mortality
was infrequent and did not vary by resuscitation arm (7.3 % for each group).

Methodological variability between these trials has precluded a meaningful
meta-analysis (Kwan et al. 2003), and may help to explain the discrepant mortality
findings. It is clear that the degree of hemorrhagic shock was most pronounced in
the study of Bickell et al., as evidenced by the lowest presenting systolic blood
pressure as well as the highest mortality. Furthermore, randomization was
accomplished in the pre-hospital setting, and all patients required operative inter-
vention. By contrast, mortality was infrequent in the study of Dutton et al., and the
target systolic blood pressure of 70 mm Hg in the “low” group was, on average, not
achieved. Thus, at present, it is possible to conclude that limited volume resusci-
tation prior to operative intervention may be of benefit among patients with
penetrating trauma in hemorrhagic shock, although the optimum level of permis-
sive hypotension remains unknown. The benefit of such therapy among a more
diverse cohort of patient in hemorrhagic shock, with a low associated risk of death,
is not clear. Finally, regardless of therapeutic benefit, reliable achievement of
permissive hypotension appears challenging once hospital care has begun.

5.3.3 Resuscitation to Supra-Normal Physiology

Once definitive hemorrhage control has been obtained, is there benefit to pushing
tissue perfusion to a “supra-normal” level? At the cellular level, shock is charac-
terized by oxygen demand that exceeds supply, such that VO, is DO,-dependent.
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Replacement of the oxygen debt is thus signaled by an increase in DO, that does not
resultin a corresponding increase in VO,. Shoemaker et al. observed that survivors of
shock demonstrate increases in DO, to “supranormal” levels (>600 mL/min) as
compared to non-survivors (Bland et al. 1985; Velmahos et al. 2000), suggesting that
endogenous eradication of the oxygen debt via enhanced physiology is advanta-
geous. This observation led to the hypothesis that resuscitation to supranormal
physiology would result in improved outcomes. Thresholds of supranormal physi-
ology have included cardiac index >4.5 L/min/m?, DO, index >600 mL/min/m?,
and VO, index of >170 mL/min/m?. Unfortunately, results of randomized trials
comparing supranormal to conventional resuscitation among critically ill patients
have been in large part disappointing (Gattinoni et al. 1995; Velmahos et al. 2000;
McKinley et al. 2002; Sandham et al. 2003; Heyland et al. 1996; Richard et al. 2003;
Rhodes et al. 2002).

Several possibilities may explain the lack of benefit observed in these trials. As
mentioned previously, the timing of goal-attainment is of importance; resuscitation
to supranormal physiology following the onset of organ failure does not appear to
impart a survival advantage (Kern and Shoemaker 2002). However, increasing
DO, to =600 mL/min prior to the onset of critical illness did not result in a
mortality benefit in a randomized trial of nearly 2,000 high-risk surgical patients
(Sandham et al. 2003), questioning the findings of the meta-analysis by Kern and
Shoemaker. Furthermore, both shock and resultant organ failure are seldom pre-
dictable events, thus precluding pre-emptive resuscitation to supranormal
hemodynamics.

A second finding in the meta-analysis by Kern and Shoemaker was that the
benefits of supranormal resuscitation were observed only if the stated goals were in
fact obtained. Although this last point appears intuitive, it is important to note that
resuscitation to supranormal physiology is often times impossible. In a recent
cohort study of hemorrhagic shock, only 70 % of patients were able to achieve
supranormal physiologic values of cardiac index >4.5 L/min/m* DO, index
>600 mL/min/m?, and VO, >170 mL/min/m?> (Velmahos et al. 2000). Similarly,
pre-specified goals were attained on average in only 7 of 21 (33.3 %) studies
included in the meta-analysis by Kern and Shoemaker (Kern and Shoemaker
2002). Beyond impracticality, measurement of the parameters necessary to
calculate DO, and VO, require a functional pulmonary artery catheter. Both
misinterpretation of data (Iberti et al. 1990) and associated morbidity of this device
(Ivanov et al. 2000) must be taken into account. Although newer arterial catheter-
based calculations of cardiac output have become common (McGee et al. 2007),
this modality has not been validated within the context of a goal-directed resus-
citation protocol. Perhaps most concerning is the fact that resuscitation to supra-
normal physiology results invariably in increased volume expansion, thereby
increasing the risks of pulmonary edema, intestinal ischemia, and ACS (McKinley
et al. 2002; Balogh et al. 2003). In light of these data, resuscitation of shock based
on attainment of supra-normal physiology cannot be advocated currently.
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5.3.4 Red Blood Cell Transfusion

Although the risks and benefits of allogeneic RBC transfusion are discussed
elsewhere in this book, we offer some salient points with respect to resuscitation of
hemorrhagic shock. Because hemorrhagic shock involves impaired tissue perfu-
sion due to both hypovolemia and anemia, it is intuitive that restoration of the
hemoglobin concentration via RBC transfusion both reverses shock and improves
outcomes. However, the optimal target hemoglobin concentration during resus-
citation remains unknown.

During resuscitation, a balance must occur between the competing goals of
maximal oxygen content (hematocrit = 100 %) and minimal blood viscosity
(hematocrit = 0 %). Furthermore, irrespective of hematocrit, the oxygen carrying
capacity of transfused allogeneic erythrocytes is impaired due to storage-induced
changes in both deformability and hemoglobin oxygen affinity. Accordingly,
although many studies have measured an increase in DO, following transfusion of
allogeneic RBCs, almost none have reported an increase in VO, (Napolitano et al.
2009). Finally, beyond a role in DO,, erythrocytes are integral to hemostasis via
their involvement in platelet adhesion and activation, as well as thrombin gener-
ation. The hematocrit is thus relevant to hemorrhagic shock as it relates to both
oxygen availability and hemostatic integrity.

Early canine models of hemorrhagic shock suggested that VO, is optimized at a
relatively high hematocrit (range 35-42 %) (Crowell et al. 1959). However,
hematocrit variation was achieved via auto-transfusion of the animal’s shed whole
blood, eliminating the aforementioned limitations of allogeneic erythrocytes, and
rendering the results inapplicable to modern resuscitation of hemorrhagic shock.
Furthermore, acute normovolemic hemodilution of dogs to a hematocrit of 10 % is
well tolerated, with little decrement in oxygen delivery secondary to a compen-
satory increase in cardiac output (Takaori and Safar 1966).

Retrospective observations among critically ill surgical patients in the 1970s
suggested a hematocrit of 30 % as optimal for both oxygen carrying capacity and
survival (Czer and Shoemaker 1978). Such studies formed the basis of the tradi-
tional recommendation to maintain the hematocrit >30 %, although the marked
limitations of this retrospective literature were recognized ultimately. As the
deleterious effects of RBC transfusion became increasingly evident, renewed
interest in the ideal transfusion trigger occurred. The Transfusion Requirements in
Critical Care (TRICC) Trial, which compared restrictive (hemoglobin <7.0 g/dL)
and liberal (hemoglobin <9.0 g/dL) transfusion triggers among 838 patients,
provided the first level I evidence regarding RBC transfusion strategies among the
critically ill (Hebert et al. 1999). Although inclusion criteria did not specify
ongoing resuscitation, 37 % of patients were in shock at the time of enrollment as
evidenced by the need for vasoactive drugs. No difference in 30-day mortality was
observed between groups. However, in hospital mortality, as well as mortality
among less severely ill patients (Acute Physiology and Chronic Health Evaluation
II Score <20) and younger patients (age < 55 years) was significantly lower in the



5 Pathophysiology of Hemorrhagic Shock and Resuscitation 107

restrictive transfusion group. Current evidence thus suggests that a hemoglobin
concentration of >7 g/dL is at least as well tolerated as a hemoglobin concen-
tration of >9 g/dL. among critically ill patients, although extrapolation of these
data is necessary to extend this recommendation to patients in hemorrhagic shock.

It is possible that hemoglobin concentrations below 7 g/dL are safe, particularly
in younger patients. However, a hemoglobin concentration of 5 g/dL appears to be
the threshold for critical anemia. Whereas hemodilution of healthy volunteers as
low as a hemoglobin concentration of 5 g/dL is well tolerated (Weiskopf et al.
1998), a study of postoperative patients who refused RBC transfusion reported a
sharp increase in mortality below this same hemoglobin concentration (Carson
et al. 2002). Such populations differ fundamentally from the multiply-injured,
exsanguinating patient in need of resuscitation. However, these data are provoc-
ative, and future large scale trials of lower transfusion triggers for the resuscitation
of hemorrhagic shock are warranted in light of the accumulating evidence docu-
menting the untoward effects of RBC transfusion.

In addition to oxygen transport, RBCs play an important role in hemostasis. As
the hematocrit rises, platelets are displaced laterally towards the vessel wall,
placing them in contact with the injured endothelium; this phenomenon is referred
to as margination. Platelet adhesion via margination appears optimal at a hemat-
ocrit of 40 % (Goldsmith 1972). Erythrocytes are also involved in the biochemical
and functional responsiveness of activated platelets. Specifically, RBCs increase
platelet recruitment, production of thromboxane B2, and release of both ADP and
P-thromboglobulin. Furthermore, RBCs participate in thrombin generation through
exposure of procoagulant phospholipids. Interestingly, animal models suggest that
a decrease of the platelet count of 50,000 is compensated for by a 10 % increase in
hematocrit (Quaknine-Orlando et al. 1999). Despite these experimental observa-
tions, no prospective data exist detailing the relationship between hematocrit,
coagulopathy, and survival among critically injured trauma patients.

The myriad risks of RBC transfusion must be kept in mind during resuscitation
of patients in hemorrhagic shock. The immunomodulatory properties of RBC
transfusion were first noted as a correlation between transfusion and graft survival
following solid organ transplantation (Opelz and Terasaki 1978). The observation
that tumor recurrence was associated with RBC transfusion soon followed (Gantt
1981). It is now appreciated that RBC transfusion both impairs humoral immunity
and causes elaboration of pro-inflammatory cytokines (Shanwell et al. 1997).
These phenomena are both transfusion dose and age dependent. Moreover,
transfused blood exerts a number of negative effects upon cardiodynamics,
including increased pulmonary vascular resistance, depletion of endogenous nitric
oxide stores, and both regional and systemic vasoconstriction (Fernandes et al.
2001).

In summary, prior investigations into the ideal hematocrit for oxygen carrying
capacity during hemorrhagic shock are in large part irrelevant to modern day
resuscitation with allogeneic blood. Banked erythrocytes are subject to a time
dependent diminution of oxygen carrying capacity, and the effect of blood trans-
fusion on oxygen consumption, regardless of hematocrit, remains questionable.



108 F. M. Pieracci and W. L. Biffl

The CRIT trial suggested that patients in shock tolerate a hemoglobin concen-
tration of 7.0 g/dL at least as well as 9.0 g/dL, although this hypothesis was not
tested during the initial resuscitation of hemorrhagic shock specifically. Further-
more, the role of erythrocytes in hemostasis must be considered. In practice,
clinical circumstance (e.g., ongoing hemorrhage with hemodynamic instability and
coagulopathy), as opposed to an isolated laboratory measurement, should inform
the decision to transfuse. However, until there is definitive evidence to challenge
the CRIT data, a hemoglobin concentration of <7 g/dL should be considered the
default transfusion trigger for resuscitation from shock.

One final point regarding the use of blood products for the resuscitation of
patients in hemorrhagic shock involves the relative quantities of RBCs, clotting
factors, and platelets to administer. It is now recognized that resuscitation of
patients who require massive transfusion (>10 U RBC within 24 h) using RBCs
alone results in coagulopathy due to both consumption and dilution of coagulation
factors as well as platelets. Both acidosis and hypothermia exacerbate this coag-
ulopathy. Our group and others noted that mortality among massively transfused
patients was reduced when increased amounts of both plasma and platelets were
administered empirically. Specifically, when introducing the concept of RBC:FFP
ratios, we reported increased mortality among a cohort of patients with major
vascular trauma associated with RBC:FFP ratios greater than 5:1, with overt
coagulopathy observed nearly universally with ratios exceeding 8:1 (Kashuk et al.
1982). In 2007, Borgmen et al. published a series of 254 massively transfused US
soldiers in Iraq and Afganistan, reporting markedly improved survival among
those transfused with a RBC:FFP ratio in the range of 1.5:1, as compared to higher
ratios.(Borgman et al. 2007) This ratio appeared appealing intuitively as it most
closely resembled that of whole blood, although a 1:1 formulation is actually both
anemic (hematocrit 27 %) and clotting factor deficient (65 % activity) as com-
pared to fresh whole blood (Armand and Hess 2003). Several subsequent studies,
in both the military and civilian setting, have corroborated the findings of Borg-
eman et al. (Duchesne et al. 2008; Holcomb et al. 2008; Teixeira et al. 2009). An
association between early, aggressive FFP administration and improved survival
has also been documented among trauma patients who underwent sub-MT
(Spinella et al. 2008). These data have given rise to the concept of damage control
resuscitation, which involves early transfusion of increased amounts of both
clotting factors and platelets, in addition to minimization of crystalloid resusci-
tation in patients who are expected to require MT. Currently, many trauma centers
advocate pre-emptive transfusion of RBC:FFP using a target ratio of 1:1 for such
patients.

Unfortunately, the literature addressing component transfusion ratios during
MT suffers from several substantial methodological limitations. Despite a myriad
of retrospective data, mathematical models (Hirshberg et al. 2003), and expert
opinion, there remains no prospective evidence to support an empiric transfusion
ratio. A major limitation of the retrospective literature involves survival bias.
Specifically, it remains unclear if increased FFP transfusion improves survival or if
patients who survive simply live long enough to receive more FFP. Indeed,
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patients who are bleeding faster get less plasma as the trauma team and blood bank
struggle to keep up. Related intimately to the issue of survival bias is that of the
time period over which the RBC:FFP ratio is calculated. Although over 80 % of
RBC transfusions are administered within 6 h of injury, most studies have reported
the cumulative RBC:FFP ratio as calculated at 24 h. Such a strategy exacerbates
survival bias, as the RBC:FFP ratio is known to decrease over time. Accounting
for the time-dependent nature of the RBC:FFP transfusion ratio eliminated any
association with survival in one recent report (Snyder et al. 2009). Furthermore,
when the cumulative RBC:FFP ratio was analyzed at 6 h as opposed to 24, our
group identified a ratio in the range of 2:1-3:1, as opposed to 1:1, as associated
with the lowest predicted mortality (Kashuk et al. 2008).

The next major limitation involves the lack of a mechanistic link between a
lower RBC:FFP ratio and improved survival. The clinical efficacy of FFP remains
largely unproven (O’Shaughnessy and Atterbury 2004), and no study has docu-
mented an association between a lower RBC:FFP ratio and fewer total blood
products administered. Moreover, differences in laboratory markers of coagulop-
athy (e.g., PT, TEG) have not been demonstrated between groups of varying
RBC:FFP ratios. In fact, a canine model showed no benefit to adding FFP fol-
lowing MT in terms of changes in coagulation protein levels or clotting times
(Martin et al. 1985). Finally, the benefit of a 1:1 RBC:FFP ratio has also not been
consistent across various mechanisms of injury (Mace et al. 2009).

Although many experts advocate a RBC:FFP transfusion ratio of 1:1 during
MT, the lowest ratio achieved in most studies approaches 1.5:1. While moving
from an RBC:FFP ratio of 2:1-1:1 may appear trivial, such a paradigm shift
represents a 100 % increase in FFP utilization. An increase of this magnitude
would place tremendous strain upon the marginal FFP donor pool, as well as
increase exponentially blood bank labor, likely to the point of non-sustainability in
the event of a mass casualty. Finally, unbridled FFP administrated must be viewed
with caution in light of the accumulating evidence detailing the immunomodula-
tory properties of such therapy.

In summary, the literature involving empiric component therapy suffers from
several methodological limitations. Currently, the optimal empiric RBC:FFP ratio
for resuscitation of patients who require MT appears to be in the range of 1:2—s1:3.
However, whenever possible, component replacement should be both individual-
ized and goal-directed, such that overzealous clotting factor and platelet replace-
ment and the complications thereof are minimized.

5.4 Complications of Resuscitation

Resuscitation beyond restoration of adequate tissue perfusion is both ineffective
and potentially harmful. Although aggressive volume expansion may be life-
saving for the immediate resuscitation of severe hypotension, subsequent fluid
administration should occur only when evidence of preload responsiveness exists
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(Vincent and Weil 2006). Excessive volume expansion is particularly detrimental
in the setting of critical illness as inflammatory-mediated increased capillary
permeability drives fluid from the intravascular space into the interstitium, com-
pounding tissue edema with little to no improvement in hemodynamics. The
effects of tissue edema on specific organ systems are summarized in Table 5.3.
Intra-abdominal hypertension leading to abdominal compartment syndrome
(ACS) is a particularly devastating complication of volume resuscitation with a
high associated morbidity and mortality (Cheatham et al. 2007). Once believed to
be a complication specific to trauma patients, both intra-abdominal hypertension
and ACS have now been reported over a wide variety of patient cohorts, ranging
from organ transplantation (Biancofiore et al. 2003) to pediatrics (Beck et al. 2001;
Ball et al. 2008). The pathophysiology of ACS involves a progressive increase in
abdominal pressure due to any combination of diminished abdominal wall com-
pliance, increased intra-luminal intestinal contents, increased intra-peritoneal fluid,
and increased tissue edema. Importantly, the abdomen need not be the initial
location of the pathology (Madigan et al. 2008); the development of ACS in this
instance is termed secondary ACS. Increases in abdominal pressure eventually
become sufficient to impede venous return from both abdominal viscera (resulting
in intestinal ischemia) and the inferior vena cava (causing decreased filling pres-
sures and obstructive shock). Both impedance of urinary drainage and respiratory
embarrassment secondary to elevated airway pressures are also characteristic.
Several risk factors for ACS are recognized; both large volume fluid resuscitation
and attempts to resuscitate to supranormal physiology have been implicated
consistently (Balogh et al. 2003; Madigan et al. 2008; Malbrain et al. 2005).
Physical exam findings, such as elevated airway pressures, oliguria, and tube
feeding intolerance, may aid in the diagnosis of abdominal hypertension, but are in
and of themselves insensitive (Kirkpatrick et al. 2000; Greenhalgh and Warden
1994), mandating measurement of intra-abdominal pressure. Several techniques
have been described, including transduction of intra-gastric, intravascular, and
intraperitoneal pressure. Measurement of the intravascular pressure is the current
reference standard with several noteworthy technical considerations. Pressure is
expressed as mm Hg. Normal intra-abdominal pressure is <7 mmHg, increases
>12 mmHg constitute abdominal hypertension, and a sustained pressure >20 mm

Table 5.3 Effects of tissue edema on specific organ systems

Organ system Pathology

Central nervous Elevated intra-cranial pressure

Pulmonary Hypoxia, decreased compliance

Cardiovascular Increased afterload, subendocardial ischemia,

Renal Decreased re-absorption, impaired concentrating ability

Gastrointestinal Feeding intolerance, adynamic ileus, abdominal compartment
syndrome

Integument, Skin ulcerations, breakdown, muscle compartment syndrome

musculoskeletal
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Hg in the presence of organ failure is diagnostic of ACS. Disease severity may also
be expressed as the abdominal perfusion pressure, defined as the mean arterial
pressure minus the intra-abdominal pressure. An abdominal perfusion pressure
<50-60 mmHg is associated with poor outcomes among patients with intra-
abdominal hypertension (Cheatham et al. 2000).

Medical therapy aimed at reducing abdominal pressure may be attempted for
the hemodynamically stable patient in the absence of worsening organ failure.
Paralysis, intestinal decompression, and diuresis are all effective means to decrease
abdominal pressure. However, sustained or worsening intra-abdominal hyperten-
sion after a brief trial of non-operative maneuvers mandates surgical decompres-
sion, as delay in definitive decompression worsens outcomes substantially
(Cheatham et al. 2000). Percutaenous catheter decompression may be considered
when elevated abdominal pressure is secondary to intra-peritoneal fluid (e.g.,
ascites). Small case series suggest that this technique may be particularly useful
among burn patients (Latenser et al. 2002; Corcos and Sherman 2001; Parra et al.
2006). However, beyond this specific circumstance, surgical decompression via
laparotomy remains the definitive treatment for ACS. Failure of improvement
following surgical decompression should raise concern for either inadequate
decompression or misdiagnosis. When timely and effective surgical decompres-
sion is achieved, the abdominal is usually amenable to closure within 7 days
(Burlew et al. 2012).

Beyond ACS, aggressive volume expansion results in a variety of additional
untoward consequences. Positive fluid balance is associated with worsened pul-
monary dynamics among patients with acute lung injury (Wiedemann et al. 2006;
Sakr et al. 2005) as well as increased post-operative complications following
gastrointestinal surgery (Brandstrup et al. 2003; Kudsk 2003; Nisanevich et al.
2005). Importantly, intentional fluid restriction during critical illness does not
appear to increase the incidence of renal injury given that it is monitored vigilantly
(Wiedemann et al. 2006). Although the ideal fluid management strategy both during
and following resuscitation remains controversial (Bagshaw and Bellomo 2007;
Pruitt 2000; Durairaj and Schmidt 2008), recent evidence suggests that restrictive
fluid strategies are well tolerated, and may even be beneficial. The use of dynamic
measurements of fluid responsiveness (Marik et al. 2009), restrictive transfusion
triggers (Hebert et al. 1999), and avoidance of routine supra-physiologic resusci-
tation (Balogh et al. 2003) represent evidence-based strategies to minimize
unnecessary and potentially harmful volume expansion.

5.5 Summary

Effective resuscitation of patients in hemorrhagic shock entails balancing timely
restoration of tissue perfusion with parsimonious subsequent volume expansion in
order to avoid the detrimental effects of fluid overload. Although definitive evi-
dence documenting a benefit to permissive hypotension is lacking, periods of
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hypertension should be avoided in the bleeding patient, and definitive hemorrhage
control should be obtained immediately. When diagnosing shock and monitoring
resuscitative efforts, dynamic measurements of fluid responsiveness are preferred,
and endpoints of resuscitation should incorporate downstream markers that
normalize rapidly following restoration of tissue perfusion (e.g., SvO,, base def-
icit). The target hemoglobin concentration during resuscitation of patients in
hemorrhagic shock remains unknown, although it is likely somewhere between 7
and 10 mg/dL. Rather, hemodynamic instability in the face of ongoing hemor-
rhage should prompt additional transfusion. Current evidence suggests replacing
RBCs and FFP in a ratio of 2:1. Resuscitation of patients in hemorrhagic shock
invariably involves massive volume expansion; knowledge of potential compli-
cations, particularly ACS, is imperative for any clinician caring for these patients.
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Chapter 6
Allogeneic Blood Transfusion for Surgical
and Traumatic Hemorrhage

Mercy Kuriyan and Jeffrey L. Carson

6.1 Introduction

Hemorrhage in surgical and trauma patients can lead to shock, which occurs due to
the inadequacy of the circulatory system to adequately perfuse tissues and meet
oxygen demand. Surgical control of bleeding, fluid resuscitation and blood trans-
fusions are interventions used to treat bleeding (Tien et al. 2007). Resuscitation
with fluids and red blood cells are given with the goal of improving perfusion and
oxygen delivery.

In this chapter we review studies evaluating impact of red blood cell transfusion
on clinical outcomes. We begin by describing the risks associated with anemia. We
then summarize the clinical trial evidence on red cell transfusion thresholds based
on a systematic Cochrane review (Carson et al. 2012; Carson et al. 2013). We limit
our review to clinical trials because observational studies evaluating transfusion
thresholds are subject to uncontrolled confounding (Middelburg et al. 2010).
We complete the chapter with summary of clinical guidelines.

6.2 Red Cell Transfusion Goal/Rationale

Oxygen delivery to the tissues depends upon the concentration of hemoglobin, the
percent saturation of that hemoglobin, and the cardiac output. A reduction in
oxygen delivery below a critical level deprives tissues of the oxygen necessary for
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oxidative metabolism. Maintaining adequate oxygen delivery may result in
improved clinical outcome since oxygen requirement by tissues may be increased
in acute stress situations.

Increasing hemoglobin level is thought to increase oxygen delivery. Clinical
studies show however that when isovolemic hemodilution occurs the oxygen
extraction ratio increased as hematocrit decreased. With progressive increases in
hematocrit, oxygen delivery increased (Mathru et al. 1991). Until recently, there
has been a lack of clarity as to the decision to transfuse RBCs to patients
undergoing surgery, anesthesia and in critically ill patients.

6.3 Risk of Anemia

Several studies have examined the risks associated with different levels of anemia.
The effects of isovolemic anemia was evaluated in a series of experimental studies in
healthy volunteers. In 55 volunteers, reversible ST segment depression developed in
3 subjects at hemoglobin concentration of 5 to 7/g dL (Weiskopf et al. 1998; Leung
et al. 2000). In nine subjects with mean age of 25, cognitive changes began between
5to 6 g/dL and resolved when hemoglobin level returned to 7 g/dL (Weiskopf et al.
2000). Whether these results would apply to older surgical patients is unknown.

A retrospective cohort study examined the risks associated with anemia in 1958
patients, 18 years and older, who underwent surgery and declined blood transfusion
for religious reasons (Carson et al. 1996). Decline in hemoglobin which is the
difference between preoperative and postoperative hemoglobin concentrations was
used to estimate blood loss. The mortality was 1.3 % (95 % confidence interval,
0.8-2.0) in patients with preoperative hemoglobin 12 g/dL or greater and 33.3 %
(95 % confidence interval, 18.6-51.0) in patients with preoperative hemoglobin less
than 6 g/dL. The increase in risk of death associated with low preoperative hemo-
globin was more pronounced in patients with cardiovascular disease than in patients
without cardiovascular disease (interaction p < 0.03) and in those with greater blood
loss (Fig. 6.1), (Carson et al. 2012). These data suggest that patients with cardio-
vascular disease may be less tolerant of anemia than those without the disease.

The risk of death was further evaluated in a subgroup of 300 these patients with
postoperative hemoglobin less than 8 g/dL (Carson et al. 2002). In patients with a
postoperative hemoglobin concentration between 7.1 and 8.0 g/dL, none of the
patients died. In patients with postoperative hemoglobin level between 5.1 and
7.0 g/dL, about 9 % of patients died, and at 5.0 g/dL or lower, mortality was very
high. Overall, the odds of death in patients with a postoperative hemoglobin level
< 8 g/dL increased 2.5 times (95 % confidence interval, 1.9-3.2) for each gram
decrease in hemoglobin level.

The association of preoperative anemia and 30 day postoperative mortality was
evaluated in a cohort study of 310,000 VA patients 65 years age or older under-
going non cardiac surgery. Mortality rose by 1.6 % for every 1 % level of
hematocrit below normal (Wu et al. 2007). Similarly, a retrospective study based



6 Allogeneic Blood Transfusion 119

Fig. 6.1 Adjusted odds of 18 |
death stratified by presence of
cardiovascular (red)
compared to patients without
cardiovascular disease (blue)
(Carson et al. 1996)
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on 17,056 consecutive cardiac surgery patients showed that anemic patients had a
significantly higher rate of stroke (1 % vs. 0 %, p = 0.045), major morbidity (27.4
vs. 17.5 %, p = 0.001), and a higher operative mortality rate (12.7 vs. 7.5 %,
p = 0.014) (Ranucci et al. 2012).

6.4 Clinical Trials

A systematic review of the literature identified 19 clinical trials that evaluated
liberal versus restrictive transfusion thresholds (Carson et al. 2012) (Fig. 6.2). We
are aware of two additional small pilot trials that have been published (Cooper
et al. 2011; Shehata et al. 2012). Three trials will be described in detail.

Restrictive Liberal Risk Ratio Risk Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
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Bracey 1999 74 212 104 216 6.2% 0.72[0.58, 0.91] o
Bush 1997 40 50 43 49 6.6% 0.91(0.77, 1.08] ==
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Carson 2011 415 1009 974 1007  7.0% 0.43 (0.39, 0.46] -
Colomo 2008 68 109 95 105 6.6% 0.69[0.59, 0.81] -
Foss 2009 22 60 44 60 5.2% 0.50[0.35, 0.72] o e
Crover 2005 37 109 46 109 5.4% 0.80[0.57, 1.13] —
Hajjar 2010 118 249 198 253 6.7% 0.61[0.52, 0.70] g
Hebert 1995 18 33 35 36 5.6% 0.56 [0.41, 0.77] -
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Fig. 6.2 Clinical trials comparing liberal versus restrictive transfusion thresholds and risk of
transfusion exposure to blood transfusion (Carson et al. 2012)
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The landmark clinical trial in the field of transfusion threshold research is the
Transfusion Requirement in Critical Care trial (TRICC) that was conducted in
adult intensive care unit patients (Hebert et al. 1999). Euvolemic intensive unit
patients were randomly allocated to 10 g/dL (liberal) transfusion group and 7 g/dL.
(restrictive) transfusion group. Thirty-day mortality was lower in patients in the
7 g/dL transfusion group (18.7 %) than the 10 g/dL group (23.3 %), although the
results were not statistically significant (p = 0.1). The restrictive transfusion group
had fewer myocardial infarctions (p = 0.02), pulmonary edema (p = 0.01), and
acute respiratory distress syndrome (p = 0.06) than 10 g/dL. group. In the sub-
group of patients with ischemic heart disease, however, the mortality rate was
nonsignificantly (p = 0.3) higher in the restrictive group (26 %) compared to
liberal group (21 %). The TRICC trial included a mix of surgical (25 %), trauma
(20 %), and medical patients.

The Transfusion Requirements After Cardiac Surgery (TRACS) study is a
single center clinical trial conducted in Brazil in 502 patients who had cardiac
surgery (Hajjar et al. 2010). Liberal transfusion group received transfusion if
hematocrit was less than 30 % and the restrictive transfusion group if hematocrit
was less than 24 %. The primary outcome was the composite of 30-day all-cause
mortality and morbidity including cardiogenic shock, acute respiratory distress
syndrome, or acute renal injury requiring dialysis or hemofiltration) occurring
during the hospital stay. The primary outcome (11 %- restrictive versus 10 %-
liberal) and secondary outcomes were similar in the two transfusion groups.
Another trial in cardiac surgery compared 8 g/dL threshold to 9 g/dL threshold in
428 patients and found no difference in outcomes (Bracey et al. 1999).

The Transfusion Trigger Trial for Functional Outcomes in Cardiovascular
Patients Undergoing Surgical Hip Fracture Repair (FOCUS) is a randomized clinical
trial conducted in 47 centers in the US and Canada that compared to two transfusion
thresholds (Carson et al. 2011). 2016 patients (mean age 81) with cardiovascular
disease or risk factors who received surgical repair of a fractured hip were randomly
allocated to receive either enough blood to raise and maintain hemoglobin concen-
trations at 10 g/dL or greater or to receive red cell transfusions when symptoms of
anemia developed or if hemoglobin concentration dropped below 8 g/dL. There was
no difference in the primary outcome of death or inability to walk across a room
unassisted, 35.2 %- liberal group and 34.7 %- restrictive group. There were also no
differences in secondary outcomes including 30-days mortality (liberal = 5.2 % vs.
restrictive = 4.3 %) and 60-day mortality (liberal = 7.6 % vs. restrictive = 6.6 %)
pneumonia, function scores, or fatigue. The primary cardiac outcome of in-hospital
acute coronary syndrome or death occurred in 4.3 % of the liberal group, and 5.2 %
of the restrictive group (difference —0.9 %; 99 % confidence interval —3.3 % to
1.6 %). Myocardial infarction occurred less commonly in the liberal group (2.3 %)
than the restrictive group (3.8 %) although the wide confidence intervals are con-
sistent with an underpowered comparison (odds ratio and 99 % confidence interval,
0.60; 0.30to 1.19 and absolute difference —1.5 %, 99 % confidence interval, —3.5 to
0.5). FOCUS provided clinical trial evidence that patients with pre-existing car-
diovascular disease can be safely managed using a restrictive transfusion strategy.
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Most of the remaining trials were small and underpowered in adults or were in
pediatric ICU patients (Lacroix et al. 2007).

Since the publication of systematic review, an important trial has been pub-
lished.(Villanueva et al 2013 [1]) Patients with severe upper gastrointestinal
bleeding wererandomly allocated to restrictive (7 g/dL) transfusion threshold or
liberal (9 g/dL)threshold. Patients were excluded with massive exsanguinating
bleeding, acute coronary syndrome, or other evidence of vascular disease. At 45
days post randomization, mortality was lower in the restrictive group (5%) than
liberal group (9%); p=0.02. Recurrent bleeding and portal pressures were lower in
the 7 g/dL group than the 9 g/dL group.

6.5 Meta-Analysis of Clinical Trials

A total of 19 randomized clinical trials published up to 2011 including 6264
patients were included in meta-analysis (Carson et al. 2012) (Fig. 6.2). The sys-
tematic review only included trials and not observational studies that are subject to
bias. Eight studies were in surgery patient (cardiac, vascular or orthopedic),
(Hajjar et al. 2010; Bracey et al. 1999; Carson et al. 2011; Bush et al. 1997; Carson
et al. 1998; So-Osman et al. 2010; Foss et al. 2009; Grover et al. 2006; Johnson
et al. 1992; Lotke et al. 1999) five in patients with acute blood loss and/or trauma
(Lacroix et al. 2007; Blair et al. 1986; Colomo et al. 2009; Fortune et al. 1987,
Topley and Fischer 1956), and three in patients treated in critical care units (Hebert
et al. 1999; Lacroix et al. 2007; Hebert et al. 1995).

Despite significant heterogeneity in the types of patients included in the trials, the
results of the trials were similar. (Carson et al. 2012) Restrictive transfusion strat-
egies reduced the risk of receiving a red blood cell (RBC) transfusion by 39 %
(RR = 0.61; 95 % CI 0.52-0.72) and the number of units by 1.2 units (95 % CI
0.53-1.85 units), (Fig. 6.2). Importantly, restrictive transfusion strategies did not
appear to be harmful. The risk of mortality, cardiac events, myocardial infarction,
stroke, pneumonia and thromboembolism were not elevated in restrictive transfusion
group compared to the liberal transfusion group. Restrictive transfusion strategies
were associated with a statistically significant reduction in hospital mortality (rela-
tive risk = 0.77; 95 % confidence interval, 0.62-0.95) but not 30-days mortality
(relative risk = 0.85; 95 % CI 0.70-1.03), (Fig. 6.3). Also, functional recovery and
length of hospital stay was not adversely impacted by restrictive transfusion.

6.6 Transfusion Needs in Traumatic Hemorrhage

The goals of treatment in trauma patients include avoiding metabolic acidosis,
hypothermia, treating coagulopathy and stabilizing the patient as soon as possible
(Theusinger et al. 2012).
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Fig. 6.3 30-days mortality in clinical trials comparing liberal versus restrictive blood transfusion
strategy (Carson et al. 2012)

Massive hemorrhage protocols are used to avoid delays in the delivery of blood
and blood components to patients with hemorrhagic shock. A rapidly emerging trend
is to transfuse 1 unit of fresh frozen plasma, 1 unit of platelets for each unit of
red blood cells in massive hemorrhaging patient. However, the observational studies
that demonstrate improved mortality are subject to bias because patients who are
bleeding more slowly had time to get higher volumes of plasma and platelets than
patients who were bleeding more quickly. A clinical trial called Pragmatic,
Randomized Optimal Platelet and Plasma Ratios (PROPPR) has started enrolling
patients and has a target sample size of 580 patients (PROPPR—Pragmatic 2012).
Military physicians believe there are distinct advantages in fresh warm whole blood
over component therapy during the massive resuscitation of acidotic, hypothermic,
and coagulopathic trauma patients (Repine et al. 2006; Spinella et al. 2009). In the
civilian population due to logistic and regulatory restrictions this is not a practical
approach.

6.7 Current Clinical Practice Guidelines

Evidence-based recommendations regarding the use of RBC transfusion in adult
trauma and critical care are provided for transfusions in critically ill patients, in
sepsis, in those at risk for acute lung injury, acute respiratory distress syndrome and
those with neurologic injury or disease (Napolitano et al. 2009). These guidelines
recommended a restrictive strategy (transfusion when the hemoglobin level is less
than 7 g/dL) for adult trauma and critical care patients, with the exception of those
with acute myocardial ischemia. Furthermore, these guidelines recommended
avoiding transfusion based only on a hemoglobin trigger. Instead, the decision
should be guided by such individual factors as bleeding, cardiopulmonary status,
and intravascular volume.
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The Red Blood Cell Transfusion clinical practice guideline from the AABB
(American Association of Blood Banks) recommends that in surgical patients
transfusion should be considered at hemoglobin less than or equal to (7 to 8 g/dL)
in stable patients; adhering to a restrictive strategy in hospitalized patients with
preexisting cardiovascular disease and considering transfusion for patients with
symptoms or a hemoglobin level of 8 g/dL or less (Carson et al. 2012),
(Table 6.1). Symptoms as well as hemoglobin concentration should be evaluated
during transfusion decisions (Table 6.2). The recommendation after evaluating all
available data was that a restrictive transfusion strategy that uses these thresholds
should be considered in most patient populations (hemodynamically stable critical

care, surgical, and medical) (Carson et al. 2012).

Table 6.1 Mortality associated with preoperative hemoglobin levels (Carson et al. 1996)

Preoperative hemoglobin g/dL N % Dead 95 % Confidence interval
0-5.9 36 333 18.6-51.0

6.0-6.9 27 18.5 6.3-38.1

7.0-7.9 49 12.2 4.6-24.7

8.0-8.9 39 12.8 4.3-274

9.0-9.9 75 8.0 3.0-16.6

10.0-10.9 109 4.6 1.5-10.4

11.0-11.9 212 24 0.8-5.4

12+ 1411 1.3 0.8-2.0

Table 6.2 AABB guidelines on transfusion thresholds (Carson et al. 2012)

Question

Recommendation

In hospitalized hemodynamically stable
patients, at what Hgb should a decision to
transfuse RBC be considered

In hospitalized hemodynamically stable
patients, with pre-existing cardiovascular
disease, at what Hgb should a decision to
transfuse RBC be considered?

In hospitalized hemodynamically stable
patients, should transfusion be guided by
symptoms rather than hemoglobin
concentration?

In hospitalized hemodynamically stable
patients, with acute coronary syndrome, at
what Hgb should a decision to transfuse
RBC be considered?

We recommend adhering to a restrictive
transfusion strategy

In adult and pediatric ICU patients, transfusion
should be considered at Hgb < 7 g/dL.

In surgical patients, transfusion should be
considered at Hgb < 8 g/dL or for
symptoms

We suggest adhering to a restrictive transfusion
strategy

Transfusion should be considered at
Hgb < 8 g/dL or for symptoms

We suggest that transfusion decisions should be
influenced by symptoms as well as
hemoglobin concentration

We cannot recommend for or against liberal or
restrictive transfusion threshold. Further
research is needed to determine optimal
RBC transfusion threshold
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6.8 Summary

Clinical trials in critically ill adult and pediatric patients, elderly surgical patients
with underlying cardiovascular disease and patients undergoing cardiac surgery
demonstrate that a restrictive transfusion strategy (7-8 g/dL or symptoms) is safe
and associated with much less blood use. Whether lower thresholds or transfusion
guided only by symptoms can be safely used has not been adequately evaluated
and awaits further study. Clinical trials are also needed (but are not limited to) in
patients with acute coronary syndrome, elderly medical patients recovering from
illnesses that result in hospitalization, patients with gastrointestinal bleeding,
transfusion-dependent patients, patients with coagulopathy or hemorrhagic shock,
and patients with traumatic brain injury. We recommend that clinicians incorpo-
rate results from clinical trials into an individualized assessment of the need for
transfusion based on a careful beside evaluation of the patient’s co-morbidity,
symptoms and signs.
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Chapter 7
Pre-Hospital Fluid Resuscitation
in Civilian and Military Populations

Robert M. Van Haren, Chad M. Thorson, Col Lorne H. Blackbourne
and Kenneth G. Proctor

7.1 Historical Background

Major Jonathan Letterman was the medical director of the Army of the Potomac
and the founding father of military medicine. Letterman organized the first forward
first-aid stations, mobile field hospitals, and ambulance services for the evacuation
of wounded soldiers during the Civil War (Tooker 2007). The US Army General
Hospital at the Presidio of San Francisco was named for him in 1911. Many
innovations in civilian trauma care around the world can be traced to this single
institution and to ideas that originated from necessity on the battlefield.

By 1918, Letterman Hospital was the Army’s largest general hospital and
served troops in the western United States and those returning from overseas
during World War 1. By the mid 50 s, Letterman had trained a quarter of the
Army’s medical specialists. Staff physicians and scientists pioneered advances in
orthopedic devices, the field of physical therapy and combat casualty care research
(Delehanty 2012). In addition, one of the first “blood substitutes”, or hemoglobin-
based oxygen carriers (HBOC), can be attributed to cutting edge research at
Letterman (Hess 1996).
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Thought leaders have long recognized that early intervention to stop bleeding
and expand volume could save up to 30 % of those who die on the battlefield, that
fresh human blood was the ideal resuscitant, and that storage and transport issues
were the main barriers to its widespread use (Bellamy 1987). In recent wars,
outdating of stored blood resulted in >60 % of units being discarded. For these
and other reasons, the military invested tens of millions in the development of
HBOC:s. By 1993, its final year, the Letterman Army Institute of Research under
the direction of COL JR Hess had developed a variety of cell, tissue, organ, and
animal systems and had evaluated the production, safety and efficacy of several
candidate HBOCs (Hess, Macdonald et al. 1994; Hess and Reiss 1996). By the
mid-1990s, a successful partnership had evolved between the military and industry
to scale up production and testing, and led to the first prehospital trauma trial of the
most promising, first generation HBOC (Bowersox and Hess 1994; Hess 1995). By
this point, several other companies were racing to develop their own new and
improved alternatives. Unfortunately, those early triumphs have been followed by
almost 15 continuous years of disappointments and set-backs.

As of today, a safe effective HBOC remains an attractive, albeit elusive, con-
cept. There is clearly a critical need for a universal emergency resuscitation fluid
for patients in severe hemorrhagic shock where blood is not available during
prolonged evacuation or transport. The purpose of this report is to identify areas
where prehospital resuscitation can improve in the future.

7.2 Where are We Today?

The first two HBOC phase III trauma trials (Sloan, Koenigsberg et al. 1999;
Moore, Moore et al. 2009) were unsuccessful. Diaspirin cross-linked hemoglobin
(DCLHbD, HemAssist®, Baxter) was tested in a multicenter, randomized trial of 18
trauma centers with 112 patients. Because of compelling preclinical data and
successful human safety trials, and the urgent unmet need in trauma, the FDA
granted an exception to informed consent which allowed the trial to commence in
1996. Despite apparent early success, the trial was stopped prematurely in 1998,
when higher mortality rates were observed in the DCLHb group (Sloan,
Koenigsberg et al. 1999). The second trial was based on the lessons learned from
DCLHDb. A prospective, multicenter trial began in 2003 at 29 urban level I trauma
centers with a planned enrollment of 714 hypotensive trauma patients randomized
to receive a second generation HBOC, human polymerized hemoglobin (Poly
SFH-P, PolyHeme®, Northfield Laboratories). This trial was also granted an
exception to informed consent. It was completed in 2006, but further development
was suspended because there was no significant improvement in 30 days mortality,
and more adverse events in the Poly SFH-P group (Moore, Moore et al. 2009).
In the early 2000s, the US Navy, in partnership with Biopure Corp, submitted
an investigational new drug application (IND) for RESUS (Restore Effective
Survival in Shock), a single- blinded, multi-center, randomized, controlled, Phase
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IIb/II clinical trial with another HBOC. Patients would be randomized to receive
either HBOC-201 (Hemopure® or standard therapy (crystalloid solution) at the
scene of the injury and during transport to the hospital. This trial would also
require an exception from informed consent and would include a community
consultation and disclosure program as defined in the code of federal regulations.
Because of the results from the first two trials, the US Food and Drug Adminis-
tration (FDA) was particularly concerned about the vasoconstrictor actions of all
HBOC:s as a class. From 2002-2008, several meetings were held between repre-
sentatives of the Navy, Biopure, FDA, academic trauma experts, and consumer
advocates to debate the pros and cons of prehospital treatment of hemorrhagic
shock with HBOC. Ultimately, the FDA expressed concern about the risk benefit
profile in patients with waived informed consent, and refused to approve the IND
for RESUS. In 2009, pursuit of the RESUS trial was halted but HBOC-201 con-
tinued to be developed by a successor company (OPK Biotech).

Thus, in 2012, prehospital resuscitation remains fundamentally the same as it
was in the year 1831, when intravenous saline solution was first administered to a
patient in shock. Today, crystalloid remains the main treatment for prehospital
resuscitation in civilians. In the past 180 years, there have been tremendous
advancements in every other aspect of life, but medics in both civilian and military
settings continue to use an intravenous saline solution that has hardly changed
since 1831 (Blackbourne 2011).

On the battlefield, hemorrhagic shock refractory to resuscitation is the leading
cause of preventable traumatic death (Heckbert, Vedder et al. 1998). Saline
resuscitation alone is inadequate, as recent studies have shown increased rates of
multi-organ failure, acute respiratory distress, and abdominal compartment syn-
drome in patients who receive crystalloid resuscitation in a ratio greater than 1.5:1
per unit of packed red blood cells (PRBCs) transfused (Neal, Hoffman et al. 2012).
Also, fluid resuscitation alone or in combination with PRBC will cause dilutional
coagulopathy (Holcomb, Wade et al. 2008). There remains a critical need in both
civilian and military populations for an universally compatible oxygen carrying
fluid when blood is not readily available (Moore, Cheng et al. 2006).

In the military, those who die before receiving emergency first aid are termed
KIA (killed in action), while those who die after admission to a hospital are termed
DOW (died of wounds). Hemorrhage accounts for about 80 % of the potentially
survivable cases who DOW (Eastridge, Hardin et al. 2011). The majority of these
fatal wounds were in the torso (48 %), followed by extremity (31 %), and junc-
tional injuries (21 %). Traumatic brain injuries were the leading cause (83 %) of
death in those termed nonsurvivable injuries. The large number of military deaths
from hemorrhage highlights the importance of effective hemostasis and the unmet
need for an improved fluid for prehospital resuscitation. These two areas have the
greatest potential to decrease DOW and KIA rates in the military (Blackbourne,
Czarnik et al. 2010; Gerhardt 2011).

In most civilian populations, the majority of injury related deaths also occur
prehospital (Sauaia, Moore et al. 1995; Soreide, Kruger et al. 2007). For example,
in a 7 year retrospective review of the Swedish nationwide hospital discharge
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registry of 414,297 serious injuries, the overall risk of prehospital death was 4.2 %
compared to 2.8 % for hospital deaths (21). Prehospital deaths were more likely to
be male and younger than 64 years old. In fact for patients younger than 64 years,
for each hospital death there were 9 prehospital deaths. A high proportion of all
patients (67 %) with gunshot wounds (GSW) died prehospital (Gedeborg, Chen
et al. 2012). At our trauma center, a high proportion of deaths arrive with no vital
signs on admission(Van Haren, Thorson et al. 2012). Altogether, this shows that
prehospital hemorrhage control and resuscitation is an area for improvement in
civilian populations.

For any HBOC to be successful for military or civilian prehospital resuscitation,
it must improve the coagulopathy of trauma, as well as increase tissue oxygen
delivery. Correction of coagulopathy is essential because it is an independent
predictor of mortality in civilian and military populations (MacLeod, Lynn et al.
2003; Niles, McLaughlin et al. 2008).

7.3 Goals of Prehospital Resuscitation

The two main goals of prehospital resuscitation are to (1) stop hemorrhage and (2)
maintain/restore energy production. Hemorrhage control can be achieved manu-
ally or with the assistance of hemostatic agents. In general, principles of Advanced
Trauma Life Support (ATLS) and Prehospital Trauma Life Support manual
guidelines are followed such as primary (Airway, Breathing, Circulation, Dis-
ability, Exposure) and secondary surveys for civilian and military populations,
respectively. However, a detailed description of hemorrhage control is beyond the
scope of this chapter. At the cellular level, energy production is achieved by
aerobic metabolism producing adenosine triphosphate (ATP). This is dependent on
the delivery of oxygen to the tissue, which requires a sufficient supply of red blood
cells (McSwain, Champion et al. 2011). Until hemorrhage is controlled, fluid is
only temporizing.

In most trauma cases, the ideal resuscitation solution is blood. Prehospital blood
product resuscitation administered to casualties in Afghanistan resulted in reduced
mortality (12.2 vs. 18.2 %) for patients with moderate ISS (16-50) (Morrison, Oh
et al. 2013). Currently, Israeli and British armed forces currently use blood
products in the prehospital arena and there are ongoing trials with prehospital
blood products on helicopter transports in US urban environments(Barkana, Stein
et al. 1999; McLeod, Hodgetts et al. 2007). However, logistical problems related to
storage have limited prehospital blood products use in most civilian and military
US populations.

In the absence of blood, the ideal resuscitation fluid would be universally
compatible, maintain circulating blood volume, minimize and/or correct coagu-
lopathy, and deliver sufficient O, to tissues to prevent lethal sequelae caused by
ATP depletion (Blackbourne, Czarnik et al. 2010).
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Maintenance of intravascular volume can be achieved with crystalloids or
colloids; however these fluids dilute clotting factors and platelets, which exacer-
bates coagulopathy (Barak, Rudin et al. 2004; Alam, Bice et al. 2009). The
combination of coagulopathy and increased intravascular volume can increase the
likelihood of clot disruption and ongoing bleeding (Sondeen, Coppes et al. 2003),
and has been clinically confirmed (Bickell, Wall et al. 1994) Furthermore, asan-
guinous crystalloids or colloids are capable of carrying only about 0.3 ml of O, per
100 ml, which is not sufficient to sustain aerobic production of ATP. Many combat
casualties resuscitated in the field with crystalloid or colloid alone arrive at the
field hospital with acidosis (pH <7.25 and base deficit <6 mEq/L), hypother-
mia <36 °C, coagulopathy (international normalized ratio >1.5), tachycardia
(heart rate > 105 Dbeats/min), hypotension (systolic blood pressure
(SBP) <110 mm Hg), and hematocrit <32 % and require massive transfusions
(Schreiber, Perkins et al. 2007; Cancio, Wade et al. Cancio 2008; McLaughlin,
Niles et al. 2008; Niles, McLaughlin et al. 2008).

7.4 Current Recommendations for Prehospital
Resuscitation

In military populations, the first goal is to stop life-threatening external hemor-
rhage with manual compression, tourniquet, or Combat Gauze (QuikClot@, Con-
necticut USA). Tranexamic acid (TXA), an antifibrinolytic agent, should be
considered if a casualty is anticipated to need significant blood transfusion
CRASH-2 was a large randomized, placebo-controlled trial with over 20,000
trauma patients that demonstrated TXA reduced mortality (14.5 Vs. 16.0 %) and
the risk of death due to bleeding (Shakur, Roberts et al. 2010). A similar reduction
in mortality was demonstrated in military causalities who received TXA (Morrison,
Dubose et al. 2012).Current guidelines instruct medics to give fluid only if the
patient has an absent/weak radial pulse or altered mental status (in the absence of
head injury) (McSwain, Salome et al. 2010; McSwain, Champion et al. 2011). Fluid
resuscitation should be performed with 500 mL of 6 % hetastarch in lactated
electrolyte buffer (Hextend®, Hospira Inc.), which can be repeated once if shock
persists (CoTCCC 2011). 6 % hetastarch is recommended as the initial fluid of
choice because of safety (Ogilvie, Pereira et al. 2010) and low volume/weight ratio
compared to lactated Ringer’s solution (Dubick 2011; McSwain, Champion et al.
2011).

Hypotensive resuscitation was first recognized as a successful strategy for
combat casualty care in World Wars I and II (Cannon 1918; Beecher 1945), and
was integrated into far-forward strategy in 1998 (Butler, Hagmann et al. 2000). If
blood pressure monitoring is available the guidelines recommend targeting a SBP
of 80-90 mm Hg (CoTCCC 2011). Hypotensive resuscitation is supported by
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numerous studies (Owens, Watson et al. 1995; Hambly and Dutton 1996;
Shoemaker, Peitzman et al. 1996). However in 1994, Bickell et al. performed the
only prospective randomized trial on prehospital fluid resuscitation in hypotensive
patients with penetrating torso injuries who were randomized to standard intra-
venous fluid or no fluid resuscitation. Estimated blood loss during emergency
surgery, length of stay, and mortality rate were lower in those who received no
prehospital fluid resuscitation (Bickell, Wall et al. 1994). Thus, there is a major
unmet need for an HBOC or other improved resuscitation fluid if evacuation from
the battlefield is likely to be prolonged, but only after the bleeding is stopped.

In civilians, there is a lack of evidence supporting the efficacy of even the most
basic prehospital care by even the most highly trained civilian paramedics. In Los
Angeles, private transportation was equivalent to emergency medicine service
transportation in terms of outcomes at one level 1 center (Demetriades, Chan et al.
1996; Cornwell, Belzberg et al. 2000). In a Canadian study, no difference was
found in outcomes between patients transported with basic life support versus
advanced life support providers (Liberman, Mulder et al. 2003). Numerous studies
have shown that minimizing prehospital resuscitation fluid improves outcomes
(Bickell, Wall et al. 1994; Dutton, Mackenzie et al. 2002; Dretzke, Sandercock
et al. 2004). This is summarized as the “scoop and run” being superior to the “stay
and play” method.

An intervention as basic as the placement of prehospital vascular access is not
supported by data, as it delays transport to a trauma center and no clear benefit has
been identified (Pons, Moore et al. 1988; Honigman, Rohweder et al. 1990;
Minville, Pianezza et al. 2006). Some studies have actually shown increases in
mortality when intravenous access is placed by paramedics in the field (Smith,
Bodai et al. 1985; Slovis, Herr et al. 1990; Cayten, Murphy et al. 1993). There is
no consensus guidelines for all US prehospital providers, however in 2009 the
EAST Practice Parameter Workgroup for Prehospital Fluid Resuscitation recom-
mended that the placement of vascular access at the scene not be performed
(Cotton, Jerome et al. 2009).

The EAST guidelines also state that for uncontrolled hemorrhage, aggressive
prehospital fluid resuscitation is not beneficial and in some cases increases mor-
tality (Kaweski, Sise et al. 1990; Bickell, Wall et al. 1994; Cotton, Guy et al.
2006). It is now clear that resuscitation should be withheld until active bleeding is
controlled. If resuscitation fluid is administered in the prehospital environment it
should be titrated for a palpable radial pulse using small fluid boluses. There is no
consensus on the particular type of resuscitation fluid. If there is no clear evidence
that even starting an IV has benefits in an urban trauma environment, due to the
short transport time, it is not clear whether any added benefit could be demon-
strated for an HBOC or other improved resuscitation fluid. On the other hand, in
rural environments, prehospital transport times are likely to be prolonged, and an
HBOC could prove beneficial.

There are several important differences between civilian and military popula-
tions. First, transport time can be much longer in military environments, especially
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where ongoing combat does not allow for immediate casualty evacuation. Addi-
tionally, military providers have a tendency to follow evidence based guidelines
more closely than their civilian counterparts, at least in the management of trau-
matic brain injuries, which improves outcomes (DuBose, Barmparas et al. 2011;
Trunkey 2011).

7.5 Damage Control Resuscitation in a Hospital

In a hospital setting, resuscitation is best achieved by using PRBCs, plasma, and
platelets in a 1:1:1 ratio. This concept is known as damage control resuscitation
and has proven effective in both military and civilian populations (Holcomb 2003;
Duchesne, Islam et al. 2009; Snyder, Weinberg et al. 2009). Plasma based
resuscitation strategies (1 PRBC: 1 plasma) result in decreased mortality rates and
improved correction of coagulopathy (Ketchum, Hess et al. 2006; Malone, Hess
et al. 2006). Holcomb et al. performed a multicenter retrospective review of 22
centers and found that increased ratio of platelets to PRBC (1:1) improved early
and late survival, decreased death due to hemorrhage and decreased multiple organ
failure mortality rates (Holcomb, Zarzabal et al. 2011). Another component of
damage control resuscitation is hypotensive resuscitation with a target SBP of
90 mm Hg (Bickell, Wall et al. 1994; Dutton, Mackenzie et al. 2002; Rhee,
Koustova et al. 2003). Once the civilian or military trauma victim has arrived at a
point of definitive care, it is unlikely that even an ideal HBOC would have any
advantages over the unlimited blood products that would normally be available.

7.6 Advancing the State of the Art

Prehospital resuscitation is an area of trauma care with the greatest potential for
improving outcomes and the area where an HBOC is likely to have its greatest
benefit. This is underscored by the number of preventable deaths that occur in the
prehospital environment in both civilian and military populations. Additionally,
the prehospital resuscitation methods currently in use are essentially the same as
technology available in 1831.

In order to advance the state of the art of fluid resuscitation, animal studies are
necessary to evaluate new resuscitation fluids. It is important that these injuries
closely resemble those in clinical trauma patients and that the treatment methods
are relevant to the real life situation. For example, a constant pressure hemorrhage
model (Wiggers Model) has been widely used to investigate hemorrhagic shock,
but unfortunately does not replicate how trauma patients bleed. As COL Bellamy
from Letterman Army Institute of Research stated “...No useful purpose is served
by developing therapeutic interventions that are applicable only in nonexistent
patient populations. The history of laboratory hemorrhagic shock research may be
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a case in point because although many interventions have been proposed on the
basis of animal experimentation, few if any have found a place in the treatment of
human beings. For a laboratory shock model to have clinical relevance, it must
replicate important aspects of shock as seen in human beings during or following
massive blood loss...” (Bellamy, Maningas et al. 1986). The successful devel-
opment of HBOC or any resuscitation fluid will depend on the use of clinically
relevant animal models, which will provide the greatest opportunity for the result
to translate into clinical success.

Presently, HBOCs are not in clinical use. Civilian and military trauma care
experts met in 2010 at The Prehospital Fluid Conference sponsored by the US
Army Institute of Surgical Research. The consensus at the time was that
“...hemoglobin substitutes and perfluorocarbons are not ready for serious con-
sideration...” (McSwain, Champion et al. 2011). However, the panel members
were more hopeful about freeze dried plasma, and believe it has the greatest
potential for improving resuscitation in the near future. Freeze dried plasma (FDP)
was first used in World War II, but was terminated due to high rates of hepatitis
transmission (Kendrick 1966). Recent, animal studies are promising (Shuja, Shults
et al. 2008; Spoerke, Zink et al. 2009) and show that FDP can expand the blood
volume while supplementing coagulation factors lost during hemorrhage
(Hamilton, Van et al. 2011; Shuja, Finkelstein et al. 2011). In military casualties in
Afghanistan treated at French military facilities, FDP has been shown to prevent
and correct coagulopathy (Martinaud, Ausset et al. 2011). The US military is
currently developing FDP products that are stable at ambient temperatures and has
partnered with the French military under an expanded access investigational new
drug protocol to use French-made FDP in far-forward operations (Blackbourne,
Baer et al. 2012).

Despite the promising preclinical and early clinical results with FDP, a moment
of pause should be observed. The history of HBOCs reveals numerous exciting and
successful preclinical trials, but unfortunately these results did not translate into
successful clinical trials.

The current endpoint of prehospital resuscitation in both civilian and military
populations is the presence of a radial pulse. This is another example of how
improvements can be made in the prehospital environment. There is currently no
consensus on the endpoints of successful resuscitation, and clinical trials should be
undertaken to identify clinically useful endpoints.

7.7 Summary and Conclusion

The failure of DCL-Hb and Poly-SFH-P clinical trials and the impracticality of
prehospital blood product resuscitation, unfortunately restricts medical providers
to resuscitate only with crystalloid, colloid, or no fluid. This underscores a major
deficiency in prehospital medical care, for patients in severe hemorrhagic shock
with no immediate access to a trauma center. An ideal fluid would expand blood
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volume, maintain organ perfusion, prevent physiologic derangement, and replace
coagulation proteins lost in hemorrhage.

Currently, prehospital resuscitation is performed with 6 % hetastarch for mil-
itary providers (due to size limitations), and crystalloid or colloid for civilian
providers. In both settings, hypotensive resuscitation is recommended and fluid
should only be provided if SBP <90, absent or weak radial pulse, or altered mental
status. Fluids should be limited until hemorrhage is controlled.

Effective prehospital resuscitation fluids are needed and further research will
determine if HBOCs, FDP, or another agent will provide a survival benefit to
severely injured trauma patients.

Acknowledgments Conflicts of interest: Authors are supported by Grants #N140610670 from
the Office of Naval Research and #09078015 from US Army Medical Research and Materiel
Command.

The opinions expressed herein are the private view of the authors and are not to be construed as
official or reflecting the views of the US Department of the Army or the US Department of
Defense.

References

Alam HB, Bice LM et al (2009) Testing of blood products in a polytrauma model: results of a
multi-institutional randomized preclinical trial. J Trauma 67(4):856-864

Barak M, Rudin M et al (2004) Fluid administration during abdominal surgery influences on
coagulation in the postoperative period. Curr Surg 61(5):459—462

Barkana Y, Stein M et al (1999) Prehospital blood transfusion in prolonged evacuation. J Trauma
46(1):176-180

Beecher HK (1945) Preparation of battle casualties for surgery. Ann Surg 121(6):769-792

Bellamy RF (1987) Death on the battlefield and the role of first aid. Mil Med 152(12):634-635

Bellamy RF, Maningas PA et al (1986) Current shock models and clinical correlations. Ann
Emerg Med 15(12):1392-1395

Bickell WH, Wall MJ Jr et al (1994) Immediate versus delayed fluid resuscitation for hypotensive
patients with penetrating torso injuries. N Engl J Med 331(17):1105-1109

Blackbourne LH (2011) “1831.”. US Army Med Dep J Apr-Jun:6-10

Blackbourne LH, Baer DG et al (2012) Military medical revolution: prehospital combat casualty
care. J Trauma Acute Care Surg 73(6 Suppl 5):S372-S377

Blackbourne LH, Czarnik J et al (2010) Decreasing killed in action and died of wounds rates in
combat wounded. J Trauma 69(Suppl 1):S1-S4

Bowersox JC, Hess JR (1994) Trauma and military applications of blood substitutes. Artif Cells
Blood Substit Immobil Biotechnol 22(2):145-157

Butler FK Jr, Hagmann JH et al (2000) Tactical management of urban warfare casualties in
special operations. Mil Med 165(4 Suppl):1-48

Cancio LC, Wade CE et al (2008) Prediction of mortality and of the need for massive transfusion
in casualties arriving at combat support hospitals in Iraq. J Trauma 64(2 Suppl):S51-55;
discussion S55-56

Cannon WB, Fraser J, Cowell EM (1918) The preventive treatment of wound shock. JAMA
70:618-621



136 R. M. Van Haren et al.

Cayten CG, Murphy JG et al (1993) Basic life support versus advanced life support for injured
patients with an injury severity score of 10 or more. J Trauma 35(3):460-466; discussion
466-467

Cornwell EE 3rd, Belzberg H et al (2000) Emergency medical services (EMS) vs non-EMS
transport of critically injured patients: a prospective evaluation. Arch Surg 135(3):315-319

CoTCCC, CoTCCC (2011) Tactical combat casualty care guidelines. www.health.mil/tccc.
Accessed 8 Aug 2011

Cotton BA, Guy JS et al (2006) The cellular, metabolic, and systemic consequences of aggressive
fluid resuscitation strategies. Shock 26(2):115-121

Cotton BA, Jerome R et al (2009) Guidelines for prehospital fluid resuscitation in the injured
patient. J Trauma 67(2):389—-402

Delehanty R (2012) Letterman army medical center. The california state military museum. http://
www.militarymuseum.org/LettermanAMC.html. Accessed 14 May 2012

Demetriades D, Chan L (1996) Paramedic vs private transportation of trauma patients. Effect on
outcome. Arch Surg 131(2):133-138

Dretzke J, Sandercock J et al (2004) Clinical effectiveness and cost-effectiveness of prehospital
intravenous fluids in trauma patients. Health Technol Assess 8(23):3, 1-103

Dubick MA (2011) Current concepts in fluid resuscitation for prehospital care of combat
casualties. US Army Med Dep J Apr-Jun:18-24

DuBose JJ, Barmparas G et al (2011) Isolated severe traumatic brain injuries sustained during
combat operations: demographics, mortality outcomes, and lessons to be learned from
contrasts to civilian counterparts. J Trauma 70(1):11-16; discussion 16-18

Duchesne JC, Islam TM et al (2009) Hemostatic resuscitation during surgery improves survival in
patients with traumatic-induced coagulopathy. J Trauma 67(1):33-37; discussion 37-39

Dutton RP, Mackenzie CF et al (2002) Hypotensive resuscitation during active hemorrhage:
impact on in-hospital mortality. J Trauma 52(6):1141-1146

Eastridge BJ, Hardin M et al (2011) Died of wounds on the battlefield: causation and implications
for improving combat casualty care. J Trauma 71(1 Suppl):S4-S8

Gedeborg R, Chen LH et al (2012) Prehospital injury deaths—strengthening the case for
prevention: nationwide cohort study. J Trauma Acute Care Surg 72(3):765-772

Gerhardt RT (2011) Prehospital and emergency care research at the US Army Institute of
Surgical Research: enabling the next great leap in combat casualty survival. US Army Med
Dep J Apr-Jun:82-86

Hambly PR, Dutton RP (1996) Excess mortality associated with the use of a rapid infusion
system at a level 1 trauma center. Resuscitation 31(2):127-133

Hamilton GJ, Van PY et al (2011) Lyophilized plasma with ascorbic acid decreases inflammation
in hemorrhagic shock. J Trauma 71(2):292-297; discussion 297-298

Heckbert SR, Vedder NB et al (1998) Outcome after hemorrhagic shock in trauma patients.
J Trauma 45(3):545-549

Hess JR (1995) Review of modified hemoglobin research at letterman: attempts to delineate the
toxicity of cell-free tetrameric hemoglobin. Artif Cells Blood Substit Immobil Biotechnol
23(3):277-289

Hess JR (1996) Blood substitutes. Semin Hematol 33(4):369-378

Hess JR, Macdonald VW et al (1994) Increased vascular resistance with hemoglobin-based
oxygen carriers. Artif Cells Blood Substit Immobil Biotechnol 22(3):361-372

Hess JR, Reiss RF (1996) Resuscitation and the limited utility of the present generation of blood
substitutes. Transfus Med Rev 10(4):276-285

Holcomb JB (2003) Fluid resuscitation in modern combat casualty care: lessons learned from
Somalia. J Trauma 54(5 Suppl):S46-S51

Holcomb JB, Wade CE et al (2008) Increased plasma and platelet to red blood cell ratios
improves outcome in 466 massively transfused civilian trauma patients. Ann Surg
248(3):447-458

Holcomb JB, Zarzabal LA et al (2011) Increased platelet:RBC ratios are associated with
improved survival after massive transfusion. J Trauma 71(2 Suppl 3):S318-S328


http://www.health.mil/tccc
http://www.militarymuseum.org/LettermanAMC.html
http://www.militarymuseum.org/LettermanAMC.html

7 Pre-Hospital Fluid Resuscitation in Civilian and Military Populations 137

Honigman B, Rohweder K et al (1990) Prehospital advanced trauma life support for penetrating
cardiac wounds. Ann Emerg Med 19(2):145-150

Kaweski SM, Sise MJ et al (1990) The effect of prehospital fluids on survival in trauma patients.
J Trauma 30(10):1215-1218; discussion 1218-1219

Kendrick D (1966) Blood program in World War II. C. J. Jr. Washington DC: Office of Medical
History, US Army Medical Department, Medical Department United States Army in World
War II

Ketchum L, Hess JR et al (2006) Indications for early fresh frozen plasma, cryoprecipitate, and
platelet transfusion in trauma. J Trauma 60(6 Suppl):S51-S58

Liberman M, Mulder D et al (2003) Multicenter Canadian study of prehospital trauma care. Ann
Surg 237(2):153-160

MacLeod JB, Lynn M et al (2003) Early coagulopathy predicts mortality in trauma. J Trauma
55(1):39-44

Malone DL, Hess JR et al (2006) Massive transfusion practices around the globe and a suggestion
for a common massive transfusion protocol. J Trauma 60(6 Suppl):S91-S96

Martinaud C, Ausset S et al (2011) Use of freeze-dried plasma in French intensive care unit in
Afghanistan. J Trauma 71(6):1761-1764; discussion 1764-1765

McLaughlin DF, Niles SE et al (2008) A predictive model for massive transfusion in combat
casualty patients. J Trauma 64(2 Suppl):S57-63; discussion S63

McLeod J, Hodgetts T et al (2007) Combat “Category A” calls: evaluating the prehospital
timelines in a military trauma system. J R Army Med Corps 153(4):266-268

McSwain NE, Champion HR et al (2011) State of the art of fluid resuscitation 2010: prehospital
and immediate transition to the hospital. J Trauma 70(5 Suppl):S2-S10

McSwain NE Jr, Salomone J, Pons P, Bitner M, Callaway D, Guy J, (eds) (2010) PHTLS:
prehospital trauma life support. Mosby Inc, St. Louis

Minville V, Pianezza A et al (2006) Prehospital intravenous line placement assessment in the
French emergency system: a prospective study. Eur J Anaesthesiol 23(7):594-597

Moore EE, Cheng AM et al (2006) Hemoglobin-based oxygen carriers in trauma care: scientific
rationale for the US multicenter prehosptial trial. World J Surg 30(7):1247-1257

Moore EE, Moore FA et al (2009) Human polymerized hemoglobin for the treatment of
hemorrhagic shock when blood is unavailable: the USA multicenter trial. ] Am Coll Surg
208(1):1-13

Morrison JJ, Dubose JJ et al (2012) Military Application of Tranexamic Acid in Trauma
Emergency Resuscitation (MATTERs) Study. Arch Surg 147(2):113-119

Morrison JJ, Oh J et al (2013) En-route care capability from point of injury impacts mortality
after severe wartime injury. Ann Surg 257(2):330-334

Neal MD, Hoffman MK et al (2012) Crystalloid to packed red blood cell transfusion ratio in the
massively transfused patient: when a little goes a long way. J Trauma Acute Care Surg
72(4):892-898

Niles SE, McLaughlin DF et al (2008) Increased mortality associated with the early coagulopathy
of trauma in combat casualties J Trauma 64(6):1459-1463; discussion 1463-1455

Ogilvie MP, Pereira BM et al (2010) First report on safety and efficacy of hetastarch solution for
initial fluid resuscitation at a level 1 trauma center. J] Am Coll Surg 210(5):870-880, 880-872

Owens TM, Watson WC et al (1995) Limiting initial resuscitation of uncontrolled hemorrhage
reduces internal bleeding and subsequent volume requirements. J Trauma 39(2):200-207;
discussion 208-209

Pons PT, Moore EE et al (1988) Prehospital venous access in an urban paramedic system-a
prospective on-scene analysis. J Trauma 28(10):1460-1463

Rhee P, Koustova E et al (2003) Searching for the optimal resuscitation method: recommen-
dations for the initial fluid resuscitation of combat casualties. J Trauma 54(5 Suppl):S52-S62

Sauaia A, Moore FA et al (1995) Epidemiology of trauma deaths: a reassessment. J Trauma
38(2):185-193

Schreiber MA, Perkins J et al (2007) Early predictors of massive transfusion in combat casualties.
J Am Coll Surg 205(4):541-545



138 R. M. Van Haren et al.

Shakur H, Roberts I et al (2010) Effects of tranexamic acid on death, vascular occlusive events,
and blood transfusion in trauma patients with significant haemorrhage (CRASH-2): a
randomised, placebo-controlled trial. Lancet 376(9734):23-32

Shoemaker WC, Peitzman AB et al (1996) Resuscitation from severe hemorrhage. Crit Care Med
24(2 Suppl):S12-S23

Shuja F, Finkelstein RA et al (2011) Development and testing of low-volume hyperoncotic,
hyperosmotic spray-dried plasma for the treatment of trauma-associated coagulopathy.
J Trauma 70(3):664-671

Shuja F, Shults C et al (2008) Development and testing of freeze-dried plasma for the treatment of
trauma-associated coagulopathy. J Trauma 65(5):975-985

Sloan EP, Koenigsberg M et al (1999) Diaspirin cross-linked hemoglobin (DCLHb) in the
treatment of severe traumatic hemorrhagic shock: a randomized controlled efficacy trial.
JAMA 282(19):1857-1864

Slovis CM, Herr EW et al (1990) Success rates for initiation of intravenous therapy en route by
prehospital care providers. Am J Emerg Med 8(4):305-307

Smith JP, Bodai BI et al (1985) Prehospital stabilization of critically injured patients: a failed
concept. J Trauma 25(1):65-70

Snyder CW, Weinberg JA et al (2009) The relationship of blood product ratio to mortality:
survival benefit or survival bias?. J Trauma 66(2):358-362; discussion 362-354

Sondeen JL, Coppes VG et al (2003) Blood pressure at which rebleeding occurs after
resuscitation in swine with aortic injury. J Trauma 54(5 Suppl):S110-S117

Soreide K, Kruger AJ et al (2007) Epidemiology and contemporary patterns of trauma deaths:
changing place, similar pace, older face. World J Surg 31(11):2092-2103

Spoerke N, Zink K et al (2009) Lyophilized plasma for resuscitation in a swine model of severe
injury. Arch Surg 144(9):829-834

Tooker J (2007) Antietam: aspects of medicine, nursing and the civil war. Trans Am Clin
Climatol Assoc 118:215-223

Trunkey DD (2011) Where is the civilian leadership for guideline-based treatment of severe head
injury? J Trauma 70(3):762-763

Van Haren RM, Thorson CM et al (2012) Impact of definitions on trauma center mortality rates
and performance. J Trauma Acute Care Surg 73(6):1512-1516



Part III
Current Issues of HBOCs and Regulatory
Framework



Chapter 8
NIH/FDA/DOD Interagency Working
Group on Oxygen Therapeutics

Phyllis Mitchell, Richard Weiskopf, Warren M. Zapol
and Oxygen Therapeutics Working Group

8.1 Introduction

Research and development in the field of oxygen therapeutics has made substantial
progress in the past two decades. However, significant challenges have been
encountered, as highlighted at an NIH/FDA/HHS workshop in 2008 (Silverman
and Weiskopf 2009a, 2009b). The combination of challenges, negative percep-
tions, and current difficulties in obtaining adequate funding for continued research
and product evaluation led the NIH/FDA/DOD to convene a working group of
experts to examine the future of oxygen therapeutics in Boston in July 2011. The
group examined the medical needs for oxygen therapeutics and outlined the basic
and applied research needed to continue drug development for these clinical
applications. This document summarizes the opinions of the working group.

A full list of the Working Group members are provided at the end of the article.
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Department of Health and Human Services (http://www.nhlbi.nih.gov/meetings/workshops/
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8.2 Need

The Working Group’s consensus is that there is a substantial unmet medical need
for oxygen therapeutics and that lives could be saved if safe products were
available. Oxygen carriers would be particularly valuable for patients in one or
more of the categories discussed below: (a) “bridge to transfusion”; (b) alternative
to red blood cell transfusion; (c) novel opportunities where red blood cell trans-
fusion is not an established therapy.

8.2.1 “Bridge to Red Blood Cell Transfusion”

This is an area where red blood cell transfusion is indicated and will remain neces-
sary, but compatible red blood cells are not available in a timely manner. Examples
are: (a) pre-hospital use in remote areas; (b) military in-theater use with long evac-
uation times, or complete unavailability of red cells; (c) patients who are difficult to
cross-match and require red cells before a satisfactory cross match can be established
and compatible units identified; (d) patients with rare blood types awaiting arrival of
a compatible unit available from a distant location; (e) mass casualties.

8.2.2 Alternative to Red Blood Cell Transfusion

This category is identified for use similar to red cell use, but when red cells cannot
be used or when an oxygen therapeutic could be more satisfactory: (a) patient
refusal to accept red cell transfusion (e.g. religious objection); (b) massive
transfusion, to conserve the stored red cell resource, transfusing red cells only after
hemostasis has been established; (c) treating anemic patients, who are transfused
repetitively over a substantial period of time, in order to diminish immunological
sensitization (e.g. sickle cell disease, thalassemia); (d) developing countries where
red cell availability for transfusion is exceedingly limited or not available. In these
regions no blood banking system may exist or the blood bank may have poor
quality control (e.g. high viral infection rate).

8.2.3 Novel Opportunities Where Red Cell Transfusion is
not an Established Therapy

1. Treatment of acute ischemia when red cell transfusion would not be used
ordinarily, including (a) myocardial ischemia due to arterial insufficiency;
(b) cerebral ischemia due to major cerebral artery insufficiency; (c) acute limb
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ischemia due to arterial insufficiency with reduced blood flow; (d) traumatic
brain injury (e) sickle cell crisis, to prevent or treat areas of limited blood flow;
(f) spinal cord ischemia; (g) reconstructive surgery- free or attached flaps.

2. Other novel opportunities include, for example: (a) carbon monoxide poison-
ing; (b) organ preservation (transplantation, cardiac surgery, etc.); (c) a com-
ponent of a multi-functional resuscitation fluid.

8.3 Animal Models of Toxicity

Although current generation HBOCs were tested in a large number of well-defined
animal studies, including models of hemorrhagic shock and anemia in normal
animals, clinical trials with these products have been noted to have side effects that
were not predicted by pre-clinical tests (Silverman and Weiskopf 2009, 2010).
Examples of these serious adverse effects included excess morbidity, cardiac
mortality, and pancreatitis, which were often associated with pre-existing condi-
tions (Silverman and Weiskopf 2009, 2010). Consequently, the interagency
working group strongly recommends that better animal models of various human
disease states are needed to evaluate potential toxicity of oxygen therapeutics
either as individual molecules or as a class of compounds (it should not be
assumed that a particular side effect is associated with the entire class of com-
pounds). The group believes that in the future, both as individual drugs, and
classes of drugs, oxygen therapeutics should be evaluated in the presence of
common clinical conditions. The working group believes two important and
common disease pathways, endothelial dysfunction and oxidative stress, may have
contributed to serious adverse events in prior clinical HBOC trials.

8.3.1 Models of Endothelial Dysfunction

It has been known for decades that free hemoglobin avidly scavenges nitric oxide
(NO). In the late 1990s, the HBOC field recognized that dioxygenation of NO by
oxyhemoglobin was the major underlying cause of the rapid increase in blood
pressure in animals and patients after administration of acellular hemoglobin.
Major efforts were made to reduce the rate of this reaction by site-directed
mutagenesis (Doherty et al. 1998) or by reducing in vivo extravasation by
increasing HBOC molecular weight (Lieberthal et al. 1999; Knudson et al. 2003;
Gould and Moss 1996; Nelson et al. 1992). It became clear that the vasoconstrictor
and hypertensive effects of acellular hemoglobins and HBOCs, (Silverman and
Weiskopf 2009, 2010) and gastro-intestinal symptoms in conscious humans (Viele
et al. 1997) are due to scavenging NO, and that these side effects were potentiated
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in animals with endothelial dysfunction. Possible dysfunction models include mice
fed a high fat diet for 6 weeks, (Yu et al. 2010) diabetic mice (db/db), (Yu et al.
2010) or lambs with partial inhibition of NO synthesis by chemical blockade
(Baron et al. 2012). In addition to regulating vascular tone, excess plasma
hemoglobin may produce inflammation and platelet activation (Villagra et al.
2007; Boretti et al. 2009). Thus, the working group strongly advocates that HBOCs
be studied in animal models of endothelial dysfunction to search for pulmonary
and systemic vasoconstriction, and alterations of coagulation (including platelet
activation), and inflammation. Coronary occlusion and pro-coagulant models,
some of which have been studied for the effects of NO supplementation, could also
be used to test the safety (also an area of potential therapeutic efficacy) of these
molecules in diseased states (Schmidt et al. 2001). Effects of oxygen therapeutics
on other pathways influencing endothelial-blood interactions, vascular reactivity
and inflammation/platelet activation should be evaluated.

8.3.2 Models of Oxidative Stress

Auto-oxidation of HBOCs causes the release of superoxide, which in turn rapidly
dismutates to hydrogen peroxide and reacts with the newly formed methemoglobin
to produce destructive protein-based radicals. All of these reactive oxygen species
(ROS) are capable of producing tissue injury through lipid oxidation and protein
degradation. This oxidative stress may be compounded by vasoconstriction and
stimulate inflammatory responses, including the release of additional endogenous
oxidant molecules. Methemoglobin itself is relatively unstable and rapidly loses
heme. Free heme in turn can generate more ROS and, if present in high amounts,
leads to iron overload pathology. Therefore physiological models examining
oxidant stress, especially in animals without sufficient capacity for the production
of anti-oxidants should be examined. There are a number of such animal models,
including those that lack the ability to produce reducing molecules, such as
ascorbic acid (e.g., guinea pigs, unlike most rodents, lack the ability to synthesize
ascorbate) (Buehler et al. 2007; Butt et al. 2011). Other models for study include
knockout mice without ascorbate synthesis (Koike et al. 2010).
Perfluorocarbon-based oxygen carriers are molecularly distinct from HBOC:s,
and have different pharmacodynamic, pharmacokinetic, and biologic activities.
Thus, they may need to be studied in different animal models. Perfluorocarbons
have high solubility for many gases, including oxygen. Further work on the basic
mechanisms of oxygen delivery and alterations of NO signaling with perfluoro-
carbons would be beneficial. Animal models should include those mimicking
common human diseases that might be expected in patients receiving these novel
molecules. Studies of the effects of perfluorocarbons on microvascular and
endothelial cell biology should be included in their development plans. Potential
therapeutic areas for PFCs that might not pertain to HBOCs owing to the physical



8 NIH/FDA/DOD Interagency Working Group on Oxygen Therapeutics 145

properties of PFCs include treatment of gas embolism and decompression sick-
ness. Research should include efforts to understand the mechanism by which PFCs
induce transient thrombocytopenia.

8.4 Developing New Hemoglobin-based Oxygen
Transporting Materials

Safety concerns have been identified in preclinical and clinical testing of HBOCs
(Silverman and Weiskopf 2009, 2010) suggesting that further development of
HBOC:s and/or improved formulations are needed. We anticipate that studies in the
additional animal models described above will help to identify further improve-
ments in HBOC engineering and/or improved formulations and additives.

8.4.1 Further Engineering of HBOCs

The study group recommends further research to develop entities designed to:

1. Lower rates of nitric oxide scavenging via inhibition of the dioxygenation

reaction.

Inhibit extravasation into blood vessel walls.

Suppress damaging oxidative reactions.

Reduce heme loss and unfolding of HBOC protein.

Eliminate complement activation in normal animals and animal models of

common human diseases.

6. Enhance pharmacokinetic properties, including extending the intra-vascular
half-life.

7. Improve shelf life at room temperature.

Reduce oncotic pressure at high hemoglobin concentrations.

9. Enhance the O,-carrying capacity of individual Hb molecules.

Nk

*®

8.4.2 Improved Formulations and Additives

The committee recommends further research to define any potential benefit for
HBOC prototypes that may include entities that

1. Enhance production of NO from exogenous or added nitrite by augmenting the
anaerobic nitrite reductase activity of deoxyhemoglobin.

2. Restore endothelial NO with bioactive molecules that release free NO or
generate bioactive NO metabolites.
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3. Are loaded with CO to reduce oxidative cellular metabolism and induce
vasodilation.

4. Utilize co-administration of anti-oxidants or haptoglobin (Boretti et al. 2009) to
reduce or eliminate oxidative pathway activation and heme release.

8.5 Improved Understanding of the Effect of the Oxygen
Therapeutics on Tissue PO,

Optimal development and evaluation of novel oxygen therapeutics requires
improved methods to measure in vivo the PO, in vital tissues and organs in both
animal models and humans. Such advances would provide the parameter of most
importance to the therapeutic goal of administering oxygen therapeutics.
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Chapter 9
Regulatory Framework for Hemoglobin-
Based Oxygen Carrier Trials

Basil Golding

9.1 Introduction

Oxygen therapeutics (OT) consist of hemoglobin-based oxygen carriers (HBOCs)
and fluorocarbons. They have been developed to deliver oxygen (O, to tissues,
mainly for treatment of shock due to blood loss. These products are being
developed in order to treat blood loss when red blood cells are not available, as
may occur on the battlefield or in civilian life when trauma occurs.

Investigational HBOCs have been shown in clinical trials to be associated with
serious adverse effects including stroke, myocardial infarction, renal failure and
death, and none have been approved by the FDA (Chen et al. 2009). As of this
writing, FDA has issued a draft guidance addressing the criteria for safety and
efficacy evaluation of oxygen therapeutics as red blood cell substitutes, but FDA
has not issued the final, guidance (Guidance for Industry 2004).

Drug development of such products is not different from other drug products
and involves, manufacturing under current Good Manufacturing Practice (GMP)
conditions, biochemical characterization, pre-clinical studies, and clinical studies
(Guidance for Industry: 2008). The focus of this chapter is on clinical studies that
manufacturers may wish to consider for new generation HBOCs, (Guidance for
Industry 2004).

The findings and conclusions in this article have not been formally disseminated by the Food
and Drug Administration and should not be construed to represent any Agency determination or
policy.
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9.2 General Approach to Clinical Studies

Clinical trials should be performed according to Good Clinical Practice Guidelines
(Guideline for Good Clinical Practice 2002) and follow a certain order that should
also be applied to HBOCs under the investigational new drug (IND) provisions.
These include Phase 1 safety studies, Phase 2 exploratory, and Phase 3 pivotal
trials (21CFR312.21) (Guideline for Good Clinical Practice 2002). One challenge
with HBOC:s is that they are often intended for subjects in shock who may not be
able to give the informed consent required for a clinical trial. Clinical trials with
exception from informed consent are subject to specific conditions (21CFR50.24)
which are discussed below. Clinical development programs of HBOCs can be
complex, particularly if they involve clinical studies in severely injured patients
with an exception from informed consent. Therefore, it is strongly advised that
sponsors approach the FDA early in the development process to discuss potential
study designs, including choice of study population, and other relevant matters.

Manufacturers generally are asked by FDA to perform studies in healthy vol-
unteers and surgical patients before considering studies in the trauma population.
This was the approach adopted by several manufacturers in their drug development
programs for HBOCs (Jahr et al. 2012).

Prior to conduct of any clinical studies for any drug or biological product, those
products are: manufactured under GMP conditions (21CFR 210.2); characterized
in terms of purity and sterility; and tested in animals to assess safety and proof of
principle for efficacy. Hemoglobin based products are tested for O, affinity (Ps),
cooperativity (Hill co-efficient), and stability (Guidance for Industry 2004; Buehler
and Alayash 2008).

An important safety concern for products derived from human or animal blood or
tissues relates to preventing transmission of infectious agents. Biologics derived
from human or animal tissue are subjected to multi-tiered safety measures including
avoidance of contaminated sources, and viral clearance steps (i.e. inactivation and
removal). Since HBOCs are derived from human or animal red blood cells or
recombinant sources, the latter concern is pertinent. Human donors are screened for
risk factors for infectious agents by questionnaires and their blood is tested for
certain infectious agents (http://www.fda.gov/BiologicsBloodVaccines/Safety-
Availability/BloodSafety/ucm095522.htm). Human plasma used to manufacture
plasma derivatives is tested by nucleic acid tests (NAT) for several infectious
agents, generally on pooled donor specimens. Viral clearance steps are required in
the manufacturing of plasma derivatives including HBOCs. Animals are vaccinated
against viruses and animal husbandry is optimized to reduce contact with infected
animals (http://www .fda.gov/downloads/BiologicsBloodVaccines/Guidance-
ComplianceRegulatoryInformation/ Guidances/UCM213415.pdf) (ICH Topic
2000). Additionally, any human and bovine source material may involve the risk of
transmissible spongiform encephalopathy (TSE) (WHO 2006). Animal selection
and other steps are taken to assure that the animals used are healthy and that the
source material is removed in a facility that avoids possible cross-contamination
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with TSE infectious agents (WHO 2006; Guidance for Industry 2010). Once a
judgment can be made that a product is reasonably safe, based on its characterization
and non-clinical data, it may be given to humans (21CFR312).

HBOCs have been shown to interfere with many standard clinical laboratory
assays used in monitoring for patient safety. In vitro testing to determine to what
extent a “correction factor” is needed, to account for this interference is usually
completed before Phase 1 trials can begin (Kazmierczak et al. 1998).

Previous trials with HBOCs revealed serious adverse events in patients
undergoing surgery or bleeding as a result of trauma (Guideline for Good Clinical
Practice 2002). These have included stroke, myocardial infarction and death.
These events were hypothesized as being due to binding to NO and causing
ischemia due to vasoconstriction, and to endothelial damage due to release of
heme and reactive oxygen substances (Buehler and Alayash 2008). These obser-
vations may influence the development of new HBOCs and may need to be
considered in future human trials with HBOCs. For example, in order to reduce
toxicity, a sponsor may seek to modify a new HBOC product or to co-administer
another agent to demonstrate improved safety. Pre-clinical studies are typically
performed in accordance with ICH S6 guidance (ICH 1997). Animals studies are
important to evaluate a dose range so that “no observable adverse event levels
(NOAELSs)” can be defined (ICH 1997; ICH Topic E 8 1998). The NOAELs can
then be utilized to determine a reasonable margin of safety for the initial dose in
humans [21CFR312.23(a)(8)(ii)098].

9.3 Phase 1 Studies

Protocols for phase 1 studies [21CFR312.23(a)(6)(i)] are typically designed to
establish the safety profile of the product in healthy volunteers (Guidance for
Industry 2008; Guideline for Good Clinical Practice 2002). In the past, manu-
facturers have conducted studies that included a control group receiving an
approved crystalloid or colloid. (Guidance for Industry 2008; Guideline for Good
Clinical Practice 2002) FDA regulations require that subjects in a clinical trial
should not be exposed to a product unless adequate safety information is available
from non-clinical studies [21CFR312.23(a)(8)(ii)] and provided that unreasonable
risk of illness or injury can be ruled out [21CFR312.42(b)(1)(iv), (2)(1)]. This is
particularly applicable to healthy volunteers that do not stand to benefit from the
trial. If the trial design does not meet FDA requirements, FDA can place the
clinical trial on hold [21CFR 312.42(b)(2)(ii)].

Special attention to monitoring of adverse events of the nature seen in previous
trials of HBOCs, would be appropriate. In the past trials, there were concerns with
failure of multiple organ systems including heart (e.g. EKG, troponin) kidneys
(e.g. creatinine and GFR), brain (e.g. neurological function), lungs (e.g. pO,), and
gastrointestinal (e.g. amylase and GI distress) (Guideline for Good Clinical
Practice 2002; ICH Topic E 8 1998; Buehler et al. 2010).
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In most studies investigators proceed with caution with a gradual dose escala-
tion, i.e. starting with low doses and slowly increasing doses to define safe doses for
later stage trials (Guideline for Good Clinical Practice 2002; Jahr et al. 2012). There
are two approaches to dosing with large volume pharmaceutical like HBOCs, i.e.
top-load (i.e. addition to existing blood volume) or exchange transfusion (removing
blood while adding HBOC). For indications where large volumes of HBOC will be
administered clinically, exchange transfusion approaches to dosing may be
considered appropriate. The colloid osmotic effect and viscosity of certain HBOC
solutions may add to the concern of fluid overload with these products in hemo-
diluted subjects, thus hemodynamic parameters should be monitored to avoid fluid
overload (Xavier Monnet and Jean-Louis Teboul 2010).

The pace of enrollment will also depend on safety concerns. One subject at a
time or several could be enrolled and observed before the next subject or group is
exposed to the next highest dose. Again, depending on safety concerns, stopping
rules may be required to avoid exposing additional individuals if the product is
associated with serious adverse events (Guideline for Good Clinical Practice 2002;
ICH 1997).

If the outcome of the phase 1 studies is satisfactory, i.e. no serious adverse
reactions are observed, then phase 2 trials can proceed. Alternatively, if the
benefit: risk calculation is favorable despite adverse events, then the product may
be studied further (Guideline for Good Clinical Practice 2002; ICH 1997).

9.4 Phase 2 Studies

In general, phase 2 trials [21CFR312.23(6)(ii)] are performed on the target pop-
ulation to explore dosage, endpoints, and to obtain additional safety data.

With HBOCs evaluation, this is complicated by the fact that the target popu-
lation usually identified is severe bleeding during trauma. Such subjects are often
unable to provide informed consent for participation in a clinical study because they
are in a life-threatening situation necessitating prompt medical intervention and
time is insufficient to obtain the consent from legally authorized representatives
(LAR). Recognizing the need to permit the study of safety and effectiveness of
potential treatments for life-threatening emergencies to improve patient outcomes,
FDA issued regulations that allow for a narrow exception from informed consent
requirements for emergency research under 21 CFR 50.24. Trials performed with
exception to informed consent raise additional regulatory issues that need to be
addressed, including: (i) evidence that the product has a potential for direct benefit
to study subjects and that current treatments are unsatisfactory or unproven;
(ii) adequate public disclosure and community consultation; (iii) appropriate pro-
cedural steps to ensure that subjects’ family members or LAR are informed of
research enrollment; (iv) inability to identify prospectively individuals likely to
become eligible to participate, and (v) collection of valid scientific evidence is
necessary to determine the safety and effectiveness of the intervention.
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A number of Phase 2 trials for HBOCs intended for severe bleeding in trauma
were actually performed in surgical patients (Guideline for Good Clinical Practice
2002), partly because 21 CFR 50.24 regulations do not allow use of the exception
from informed consent provisions if the clinical study could practicably be carried
out without invoking the exception for emergency research. In previous trials,
there were also difficulties associated with conducting the trials with the exception
from informed consent (Guideline for Good Clinical Practice 2002). The outcomes
were compared to patients receiving blood (Guideline for Good Clinical Practice
2002).

There are advantages to clinical trials with surgical rather than trauma patients.
Elective surgery allows for a controlled environment with more stable patients, so
that subjects can be carefully monitored. Attribution of adverse effects to the
product is more easily assessed than in situations with unstable patients. Elective
surgery allows patients to provide informed consent (discussed below) unlike trials
in trauma patients where exception from informed consent is a complicating
factor. In the past, clinical trials in surgical patients have been designed as ran-
domized trials with HBOC in the test arm and red blood cells as the control arm
(Guideline for Good Clinical Practice 2002; Jahr et al. 2012). The primary end-
point was mortality. Secondary endpoints that have been used include morbidity,
avoidance of transfusions, and length of hospital stay (Guidance for Industry 2008;
Guideline for Good Clinical Practice 2002). The primary endpoint of mortality has
the advantage of being most objective and definitive (Guidance for Industry 2008).
Statistical plans in the past have included a non-inferiority design comparing
HBOC:s to red blood cells with mortality as the primary endpoint (Jahr et al. 2012).
The implicit objective of such studies was to demonstrate indirectly the superiority
of trauma resuscitation with an HBOC compared with colloid or crystalloid, while
recognizing the infeasibility to randomize patients to an asanguinous control when
blood products are available.

Phase 2 trials are exploratory in nature and may provide sufficient information
to allow for the design of pivotal trials. The objectives of Phase 2 trials include:
(i) determining optimal dosing by investigating different doses with different rates
of delivery; (ii) establishing which primary and secondary endpoints to use in the
pivotal trial; and (iii) expanding the safety database in different patient (e.g. dif-
ferent surgery indicated) groups [21CFR312.23(i1)](11, 12).

If satisfactory results are obtained in Phase 2 surgical trials, the next step could
be a Phase 2 trial in trauma patients (ICH 1997; ICH Topic E 8 1998). The value of
a Phase 2 trial in trauma before embarking on a pivotal trial, would be not only to
further determine dosage, establish endpoints, and investigate the safety database
in the target population, but also to explore the criteria for identifying subjects that
may benefit from the treatment. This could involve use of a scoring system to
determine inclusion and exclusion criteria (Yiicel et al. 2006).

A Phase 2 trauma trial could be conducted in the ER and thus subjects could be
assessed and monitored under more controlled conditions than in a pre-hospital
setting. The design may be similar to the surgical trials, in that red blood cells
would be the comparator. Ethicists have questioned the appropriateness of a trial in
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which use of an HBOC in comparison to colloid or crystalloid was permitted to
continue in the ER when blood was available (Chen et al. 2009).

The risks of HBOC administration must be offset by potential benefits. This is
where inclusion and exclusion criteria become important. Knowing the risks of
dying from trauma for a particular individual, based on a scoring system and
supporting database, could greatly facilitate making a reasonable predictive
benefit: risk calculation. An example of such a scoring system is the TASH score
(Yiicel et al. 2006).; whereas the National Trauma Database can be accessed to
obtain outcome information (Meredith et al. 2003).

Phase 2 trials are not necessarily powered to show efficacy with statistical
significance, but sample sizes should be sufficient for the safety and efficacy data
to provide the basis for deciding whether to proceed with a large pivotal trial. If the
data show a favorable trend in efficacy and safety supporting a conclusion that
there is a reasonable prospect of direct benefit to study subjects, then the sponsor
may seek to perform a phase 3 trial, possibly under the exception from informed
consent provisions for emergency research as stated in 21CFR50.24.

9.5 Phase 3 Studies

Once Phase 2 trials have shown sufficient safety and efficacy data, it may be
reasonable to consider a pivotal Phase 3 trial in trauma. Previously these trials
were designed as multicenter randomized controlled trials, powered at 80 % or
higher to show superiority over crystalloid, with mortality as the primary endpoint
(Guideline for Good Clinical Practice 2002). Blinding of the health care providers
to the identity of the HBOC or control fluid may not be possible because of the
distinctive color of the HBOC, but those involved in analyzing the data can be
blinded.

Prior trauma trials with HBOCs have included an independent data monitoring
board (DMB) with well-defined stopping rules and a statistical plan to include
interim analyses for safety and futility. A DMB is required for trials performed
with exception to informed consent (Guidance for Institutional Review Boards
2011).

9.5.1 Benefit:Risk Calculation

Benefit: Risk calculation plays an important role in decision-making to allow a
clinical trial to proceed, but is especially relevant when exception from informed
consent is involved (21CFR50.24).

In previous studies, the safety profiles from the Phasel/2 trials have formed a
basis for making a benefit:risk assessment. The potential benefit was largely
dependent on selection of the target population and knowledge of outcomes with
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standard care. This was derived from the literature and databases. The known
mortality rate for a particular group of trauma subjects, defined by a scoring
system (Yiicel et al. 2006; Meredith et al. 2003), was estimated, and the potential
reduction in mortality of the investigational HBOC based on animal and human
studies (Guidance for Industry 2008; Guideline for Good Clinical Practice 2002)
were used to arrive at a benefit:risk calculation to decide whether the trial had a
reasonable potential to benefit the subjects.

Secondary efficacy endpoints such as morbidity, length of hospital stay, and the
number of red blood cell units transfused, were included in previous trials
(Guidance for Industry 2008; Guideline for Good Clinical Practice 2002).

In previous trials, safety was monitored carefully including use of an inde-
pendent DMB to follow patient safety during progress of the trial (ICH 1997; ICH
Topic E 8 1998; Guidance for Institutional Review Boards 2011). The DMB was
convened at certain time-points during the trial to determine whether: (i) the trial
should continue; (ii) be terminated for futility; or (iii) be terminated because of
safety concerns. In addition, stopping rules were in place to stop the trial if adverse
events occur at a higher rate than expected as defined a priori (ICH 1997; ICH
Topic E 8 1998; Guidance for Institutional Review Boards 2011).

9.6 Conclusion

In conclusion, clinical trials of HBOCs have followed a conventional approach of
a series of studies intended to minimize patient risks during product development.
In particular, studies in well monitored surgical patients have been required before
studies in trauma patients, which generally require exception from informed
consent, could proceed. Because clinical development programs of HBOCs can be
complex, particularly if they involve clinical studies with the exception from
informed consent, FDA input should be sought early on to assure adequacy of the
approach to clinical trials.
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Chapter 10
HBOC:s from Chemical Modification
of Hb

Ronald Kluger and Francine E. Lui

10.1 Fundamentals for Haemoglobin-Based Oxygen
Carriers

We have produced several recent reviews related to the technology of chemical
stabilization of haemoglobin and a brief view of the future of HBOCs (Kluger
2010; Lui and Kluger 2010). This chapter is intended to provide a broader per-
spective of the topic of chemical stabilization for the production of HBOC:s.

10.1.1 Haemoglobin and Oxygen Binding

Haemoglobins are the oxygen-carrying components of red cella in animals, pro-
viding a precisely controlled machine for the acquisition and distribution of
atmospheric oxygen within an organism. While human adult haemoglobin (Hb A)
is the focus of much of the interest in HBOCS, other sources such as bovine or
porcine haemoglobin have been used. However, in this chapter the abbreviation
Hb will specifically refer to HbA. Hb is a globular 64 kDa tetrameric assembly of
globin subunits consisting of two identical of-dimers. Each monomeric subunit is
associated with a ferrous heme to which oxygen binds reversibly. The quaternary
structure of Hb is complex and there is significant variation between the three-
dimensional structure of deoxy-Hb (T-state) and ligated oxy-Hb (R-state), with a
15° shift between the aff interfaces of the tetrameric protein. The ability of Hb to
bind and release oxygen can be assessed at the level of detail needed to design an
HBOC using two parameters: oxygen affinity (characterized by Psy), which
measures the average energy of binding of the four oxygen molecules to a tetramer
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Fig. 10.1 The oxygen dissociation curve of haemoglobin is governed by the oxygen dissociation
equation. The sigmodial curve of haemoglobin (nso = 3) indicates allosteric cooperativity, and
allows for haemoglobin to be more O,-saturated in the lungs at high oxygen tensions and more
effectively deoxygenated at lower oxygen tensions such as in the capillaries. Myoglobin is an
oxygen-carrying protein that does not display cooperativity—its oxygen affinity curve is
hyperbolic (nso = 1)

and the cooperativity of sequential oxygenation (characterized by the Hill coeffi-
cient, nsg), which measures the extent to which the oxygenation curve is sigmoidal
(the result of cooperativity) versus hyperbolic (where there is no cooperativity). A
comparative set of cooperative and hyperbolic oxygenation curves is shown in
Fig. 10.1.

Oxygen affinity is evaluated from a plot that relates the extent of occupancy of
oxygen-binding sites on Hb in solution to the partial pressure of oxygen (Pg,) in
the environment of the measurement (Fig. 10.1). The inherent oxygen affinity of
Hb is quite high and in circulation the tendency would be for the oxygen to be
retained by Hb rather than being released in hypoxic environments. However, the
affinity is significantly reduced by allosteric effectors in the red cell, including
protons,(Perutz 1990) 2,3-disphosphoglycerate [2,3-DPG](Benesch and Benesch
1967), chloride and carbon dioxide. Acellular Hb that has been stripped of
2,3-DPG has a higher oxygen affinity (Psy = 13.3 torr) compared to Hb in red
cells where 2,3-DPG is present at a high concentration, giving Psq = 26 torr
(Riess 2001).

The cooperativity of binding of oxygen to Hb is conveniently measured by the
Hill coefficient, where nsg = 3 for native Hb indicates the presence of substantial
sigmoidal character in the oxygenation curve (Bellelli 2010). This positive
cooperativity in oxygen binding is manifested as the increased affinity of the
remaining set of binding sites for oxygen. A decrease in nsy is indicative of
decreased cooperativity. The cooperative oxygenation behavior of Hb achieves a
highly controlled and effective delivery of oxygen within a small physiological
oxygen tension range (100 torr in arterial blood and 30 torr in venous blood).
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10.1.2 Interaction with Ligands Other than Oxygen

While the Fe(II) heme center of haemoglobin performs effectively in acquiring and
delivering oxygen function, it also binds other diatomic molecules, most notably
carbon monoxide and nitric oxide.

10.1.3 Carbon Monoxide

The association between Fe(II)-heme and CO is well-studied and the combination
is reversible by introduction of visible light and nitrogen to produce deoxyhae-
moglobin (Perrella 1999). CO is also released spontaneously but slowly and while
it is present on the heme, it prevents addition of oxygen. The relatively stable bond
between CO and Fe(II)-heme has some utility in preparation and administration of
an HBOC. The stable bond between CO and Fe(Il)-heme keeps the Hb in the
ferrous state and eliminates problems from oxidation of the Fe(Il)-heme iron to the
non-functional Fe(IlI)-heme state that occurs in the presence of oxygen.
(Vandegriff et al. 2008) HBOCs have been tested that are administered in the
carbonmonoxy form (Sangart’s MP4CO). The amount of CO that is present in one
equivalent of the protein is so small that its release is not a problem with respect to
the toxic effects of CO, which are associated with blocking the respiratory chain.
In general, a CO-derived material is resistant to oxidation and CO will be released
in circulation. The CO release may contribute to anti-inflammatory, anti-apoptotic
and anti-proliferative effects that can be advantageous (Ryter and Otterbein 2004).
The oxy-deoxy cycle of the material will be fully functional as the CO is released.
In particular the benefits of utilizing CO-derivatives as HBOCs for clinical trials
should have significant advantages in stabilizing the product before administration.

10.1.4 Nitric Oxide

Nitric oxide (NO) is an endogenous vasodilator that plays a critical role in smooth
muscle relaxation (Bian and Murad 2003). NO binds to the same heme sites as
does oxygen and it does so with a very high affinity. Once bound, it can oxidize the
heme to produce metHb (Doherty et al. 1998). The process reduces the bio-
availability of endothelium-derived NO and can lead to vasoconstriction and
hypertension. Hb within red cells has limited interaction with NO because the
unstirred layer surrounding the erythrocyte membrane forms a diffusional barrier
between NO and Hb. Moreover, the intravascular laminar flow creates an RBC-
free zone that consists only of plasma flowing along the endothelium (Liao et al.
1999). Outside the red cell, acellular Hb scavenges endothelial NO, primarily
through its ability extravasate through the endothelium (Matheson et al. 2002;
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Sampei et al. 2005; Cabrales et al. 2009). Had this been known early in the quest
for an effective HBOC, designs that would avoid this problem would have been an
essential feature of every approach, since many potential HBOCs were similar to
extracellular Hb. Eventually, the observation of vasoactivity of potential HBOCs
in clinical trials led to the ending of most trials (Natanson et al. 2008). The tight
binding of NO to Fe(Il) heme and its ability to oxidize the ferrous heme to the
ferric state was seen as the key factor in understanding the vasoactivity of the
HBOC candidates and the critical factor to be overcome in developing a safe and
effective product. While oxygenation characteristics of any HBOC are certainly
important for efficacy, interactions with NO can cause serious enough problems
with safety that 