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Abstract

In sepsis, after major surgery or severe trauma, the human body may suffer from various degrees of generalized
inflammation, a syndrome called Systemic Inflammatory Response Syndrome (SIRS). One feature of SIRS is
increased capillary permeability, caused by disruption of the capillary endothelium due to e.g. bacterial toxins,
cytokines, pro-inflammatory hormones and free oxygen radicals. This will result in leakage of plasma fluid to the
interstitum with subsequent intravascular hypovolemia and potentially harmful tissue oedema. Restoration of plasma
volume with intravenous fluids is a cornerstone in the treatment of SIRS, but the infused fluids would be expected to
leak through the capillary membrane to a greater extent, being less effective and further aggravating oedema Thus, an
important challenge in patients with increased capillary permeability will therefore be to achieve and maintain
normovolemia with as little plasma volume substitution as possible. Also, finding a treatment that could seal the
leaking capillaries would be of great value.

Study I and I, performed in a sepsis/SIRS animal model, showed that the plasma volume expansion of 5% albumin,
6% HES 130/0.4, 4% gelatin and 6% dextran 70 measured 3 hours after start of infusion was larger when given
with a slow infusion rate than when given with a fast infusion rate. This effect was not seen with 0.9% NaCl.

In study III, performed in rat models, we compared the initial plasma volume expanding effect of 0.9% NaCl in
sepsis/SIRS, after a standardized hemorrhage, and in a normal condition. It showed that the increase in plasma
volume in relation to the infused volume of 0.9% NaCl (32 mL/kg) were 0.6% in in sepsis/SIRS, 20% after
hemorrhage, and 12% when given to rats in a normal state. This means that efficacy of 0.9% NaCl is highly affected
by pathophysiological changes in sepsis/SIRS, e.g. increased capillary permeability.

In study IV, two different treatment regimes of high-dose vitamin C, initiated 3 hours after induction of sepsis, were
investigated regarding their effect on plasma volume loss. None of the treatment regimes were found to have any
effect on the loss of plasma volume, or any of the physiological parameters analysed, in the early stage of severe
sepsis/SIRS in the rat.
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Abbreviations

2 125-iodine

ANP  Atrial natriuretic peptide
BNP  Brain natriuretic peptide
Da Dalton

HES  Hydroxyethyl starch

], Transvascular fluid exchange rate

L Hydraulic conductivity

P Arterial pressure

P, Capillary hydrostatic pressure

P, Interstitial hydrostatic pressure

4% Plasma volume

P, Venous pressure

R Arterial vascular resistance

R Venous vascular resistance

S Microvascular surface area available for fluid exchange

SIRS  Systemic inflammation response syndrome
n Capillary oncotic pressure
TT. Interstitial oncotic pressure

o Reflection coeflicient for macromolecules






Background

Microcirculation

The “modern” view of the blood
circulating from arteries into veins by
the motion of the heart was first de-
scribed in 1628 by William Harvey
(1578-1657) in Exercitatio anatomica
de motu cordis et sanguinis in anima-
libus (An Anatomical Exercise on the
Motion of the Heart and Blood in Li-
ving Beings) (Androutsos et al. 2012).
The peripheral arterio-venous con-
nection, however, remained a mystery
until Marcello Malpighi (1628-1694),
with the help of the newly invented
microscope, discovered capillaries in
1661 (West 2013).

The purpose of the blood circulation
is to provide body tissues with nu-

trients, fluid and oxygen, and to carry
away waste products produced by the
metabolism, and the key parts in the
exchange between blood and tissue
are the capillaries (Guyton and Hall
2011). These vessels, the smallest in
the body, have a diameter of only 4-8
pum (for comparison the diameter of
an erythrocyte is 7.5 pm) and a length
of 500-1000 pm. But as they exist in
unimaginable numbers, in the order of
10", the result is a total capillary sur-
face area of about 500-700 m?* leaving
almost no cell in the body farther away
from a capillary than 20-30 pm (Guy-
ton and Hall 2011, Levick 2010).

The arteries, carrying the blood from
the heart, repeatedly divide to form
smaller and smaller vessels, ending up

Smooth muscle ring

Acrteriole

Artery

Capillaries

Venule

\

Vein

Figure 1. Schematic drawing of the microvascular network. Arrows indicate the direction of blood flow.



on the arterial side of the capillary with
the terminal arterioles. The terminal
arterioles are encircled by a single unit
smooth muscle ring, which is the final
contractile element before the capil-
laries (Fig. 1). The arterioles respond
to the local tissue environment, e.g.
concentrations of metabolites, oxygen
and hydrogen ions, by either dilating
or contracting, thereby closely regu-
lating the tissue blood flow to match
the demand. In many tissues at rest, a
large part of the arterioles are contrac-
ted, leading to a small perfusion, but
with an increase in tissue demand of
nutrients and oxygen (e.g. physical ac-
tivity), the number of open arterioles,
and subsequently the number of per-
fused capillaries, will increase (Mel-
lander 1968, Guyton and Hall 2011).
Under normal circumstances, a single
terminal arteriole will not stay “open”
or “closed” for very long, as the arte-
rioles change states in a cyclic mode
about every 15 seconds, a phenome-
non known as vasomotion, resulting
in cyclic perfusion of the capillaries as

well (Ragan et al. 1988).

Endothelium and
capillary permeability

The capillary wall consists of a single
layer of endothelial cells surrounded
by a continuous basement membrane,
resulting in a total wall thickness, and
thus diffusion distance, of only about
0.3-0.5 pm (Clough 1991). The en-
dothelial cells are connected to each
other by different adhesion proteins,

forming the intercellular cleft where
transport of fluid and small solutes
from plasma to the surrounding tis-
sue takes place. The cleft is a dynamic
structure that can be regulated by in-
tracellular signals in response to envi-
ronmental factors, increasing or decre-
asing the gap between the cells, thereby
regulating the transcapillary transport
of water and small solutes to the inters-
titium (Galley and Webster 2004). The
luminal side of the endothelial cells is
coated with a 0.1-0.5 um thick layer of
glycocalyx, a negatively charged hydra-
ted gel of carbohydrate polymers, that
acts as a barrier preventing plasma pro-
teins from reaching the intercellular
cleft, thereby maintaining them in the
circulating plasma (Rippe et al. 2001,
Levick and Michel 2010).
endothelial cells transcellular holes, fe-
nestrae, penetrate all the way through
the cells resulting in another pathway
for fluid and substances to pass from
the circulation to the surrounding tis-

sue (Michel and Curry 1999).

In some

The constitution of the capillary en-
dothelium differs between different
organs and tissues depending on the
specific local need for vascular integri-
ty. The brain, for example, is protected
from the circulation by extremely tight
capillaries, allowing only small and
lipid soluble substances, such as car-
bon dioxide and oxygen, to passively
pass (Fenstermacher 1984). The capil-
lary network of the liver, on the other
hand, is highly permeable to almost
everything dissolved in plasma, inclu-
ding plasma proteins (Levick 2010).



Transcapillary exchange

By far the most important ways by
which substances are transported from
the circulation to the surrounding tis-
sue is diffusion and filtration. The dif-
fusion process is passive, i.e. without
energy consumption, and the driving
force is differences in concentrations
of the diffusing substance between the
plasma and the interstitial fluid, where
the flow of diffusion is directed down
the concentration gradient (Renkin
1986). Lipid-soluble substances pass
readily through the cell membranes
of the endothelial cells. Water-soluble
substances, on the other hand, cannot
pass the lipid cell membrane but dif-
fuse through the intercellular cleft and
transcellular fenestrae. Water filtra-
tion is also passive but flows through
the intercellular clefts and fenestrae
down a pressure gradient - the net ef-
fect of the hydrostatic and the oncotic
pressures. Together with the water,
some substances are also swept along
and thereby transported through the
capillary membrane, a process called
convection. Large lipid-insoluble mo-
lecules, e.g. plasma proteins, cross the
capillary membrane through much less
abundant larger intercellular gaps, and
maybe to some extent also through a
transcellular vesicular transport system
(Levick 2010). The latter, however,
most probably have a very limited ca-

pacity.

Different substances experience more
or less difficulty to pass the capillary
membrane due to physical properties

such as molecular size and charge in
relation to the size and charge of the
transcapillary pores and the mem-
brane. The fraction of substance reflec-
ted by the capillary membrane is cal-
led the reflection coeflicient () (Rippe
1986). A substance that freely passes
the membrane would have a reflection
coefficient of zero (6=0), while a sub-
stance not passing the membrane at
all would have a reflection coefficient
of one (0=1). The semipermeable
properties of the capillary membrane
give rise to concentration differences
of macromolecules, primarily prote-
ins, between the intravascular space
and the surrounding interstitium, re-
sulting in a transcapillary force called
colloid osmotic pressure or oncotic
pressure. The plasma oncotic pressure
is, in the normal case, in the range of
25 mmHg, and exerts a force directed
in to the vascular space responsible for
retaining fluid in the circulation (Hol-

beck 2006).

In 1896, a British physiologist, Ernest
Henry Starling (1866-1927), descri-
bed the forces involved in transvascu-
lar fluid exchange (Starling 1896). This
was later summarized in the following
equation, known as the Starling equa-
tion for transvascular fluid exchange

(Renkin, 1986):

J,= LPS[(PC— P)-o(r_-m)] Eq. 1
where ] is the volume filtered per time
unit, L is the hydraulic conductivity,
i.e. how easily fluid passes the mem-
brane, S is the total membrane area
available for filtration, P_is the capil-
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lary hydrostatic pressure, P, is the in-
terstitial hydrostatic pressure, 6 is the
reflection coefhicient, 7_is the capillary
oncotic pressure and . is the intersti-
tial oncotic pressure. From this equa-
tion we can see that transcapillary flow
is proportional to the hydrostatic pres-
sure difference across the membrane
minus the opposing oncotic pressure
difference corrected for the permeabi-
lity for macromolecules.

The most variable of the Starling for-
ces is the capillary hydrostatic pressure
(P). P_is determined by arterial and
venous pressure (P and P ), and the re-
lation between pre- and postcapillary
resistance (R and R). Pappenheimer
and Soto-Rivera (1948) summarized
the relation in the following equation:
P =[(R/R)P)+P]/[1+(R /R)] Eq.2
In most tissues there is a net filtration
of fluid from the intravascular space
to the interstitium, transporting fluid,
nutrients, etc. from the blood stream
to the surrounding cells (Levick 2010).

It was previously believed to be a con-
tinuous reabsorption of fluid from the
interstitium on the venous end of the
capillaries, preventing tissue swelling.
In the normal case, however, there is a
net filtration pressure along the entire
capillary (Levick 1991). Instead, the
produced interstitial fluid is drained
as lymph and returned to the circula-
tion by the lymphatic system. The ca-
pacity of the lymphatic system is, in
the normal case, large enough to drain
the interstitial fluid produced and pre-

vents accumulation of fluid in the in-
terstitium (Huxley and Scallan 2011,
Scallan and Huxley 2010). All these
factors described above contribute to
maintain tissue fluid equilibrium. Al-
terations in Starling forces, such as in-
creased P_(e.g. heart failure), reduced
n_ (e.g. malnutrition), increased LP or
reduced G (e.g. systemic inflammation,
sepsis), or impaired lymphatic draina-
ge (e.g. post mastectomi) will disturb
the homeostasis and might result in
tissue oedema (Fishel et al. 2003).

The 2-pore model

The 2-pore model of transcapillary flu-
id exchange states that the endothelial
membrane contains two types of po-
res: small pores and large pores (Rippe
and Haraldsson 1994). The small pore
would represent the normal intercellu-
lar cleft, has a radius of 4-6 nm and is
permeable only to water and small so-
lutes. The large pore, calculated to be
10.000-30.000 times less abundant,
represents larger intercellular clefts, has
a radius of about 20-30 nm and is also
permeable to macromolecules such as
proteins. The proteins are transported
through the pore together with water
via convection (Fig. 2). Both the small
and the large pore were proposed to
exist in the 1950s (Pappenheimer et
al. 1951, Grotte 1956), and they were
visualized with electronic microscope
first in the 1980s (Bundgaard 1984)
and 1990s (McDonald et al. 1999).
Even though they have a smaller ra-
dius, under normal conditions the ma-



jor part of transvascular fluid transport
takes place through small pores (85-
95%), as they by far outnumber the
large pores (Michel and Curry 1999,
Rippe et al. 2001). As the large pores
are freely permeable to plasma prote-
ins, the transcapillary oncotic pressure
difference (n -m) across the pore is clo-
se to zero and the dominating factor
determining the fluid flow through the
pore will be the difference in transca-
pillary hydrostatic pressure (P-P). An
increase in capillary pressure would
therefore cause an increase in fluid
flow through the large pore and a si-
multaneous increase in plasma protein
loss to the interstitium via convection.
The increased permeability in states of
sepsis and systemic inflammatory re-
sponse syndrome (SIRS) is suggested
to be caused by an increased number
of large pores (Levick and Michel
2010, McDonald et al. 1999), which
would explain the protein and plasma
volume loss seen in these conditions.

.Arc .

. PLASMA

.Hé- a>

small pore

fluid and
small solutes

Inflammation

The classic signs of a localized inflam-
mation are redness, heat, pain, swelling
and loss of function. These symptoms
are caused by a number of different
pro-inflammatory  mediators  (e.g.
TNF-q, interleukins, histamine, pro-
staglandins, serotonin, bradykinin, su-
peroxide radicals, thrombin, substance
D, etc.) released by the affected cells
(Levick 2010). The swelling consists
of a protein rich interstitial oedema,
which is caused by increased micro-
vascular permeability due to widening
of the intercellular clefts, formation of
transcellular gaps and degradation of
the glycocalyx (Fishel 2003). This is
what the 2-pore model would recog-
nize as an increased number of large
pores (Rippe 1994). Simultaneously,
the underlying interstitial collagen is
loosened by fibroblasts (Koller and
Reed 1992). Transferred to the Starling
equation (Eq. 1), this process results

fluid, proteins and
small solutes

pr&ein .
..I
®
(Y l*Mzo ® e
A ()

large pore

INTERSTITIUM

Figure 2. Schematic drawing of the 2-pore model. AP =P_-P, An=n_-m,



in reduced reflection coefficient (o),
increased interstitial oncotic pressure
as interstitial protein concentration
increases (r) and decreased interstitial
hydrostatic pressure (P,). The redness
and heat is caused by arteriolar vaso-
dilation, which reduces R /R (Eq. 2)
thereby increasing capillary hydrosta-
tic pressure (P ). The net result of these
changes is a dramatic increase in fluid
extravasation (van Hinsbergh 1997,
McDonald et al. 1999, Webb 2000).

This is a normal pathophysiological
process aimed to protect and repair
damaged tissue. In cases of severe
trauma, general ischemia or serious
infections (sepis) the inflammatory
reaction and the increased microvas-
cular permeability can be widespread,
affecting all parts of the body, resulting
in systemic inflammatory response
syndrome, SIRS. This is a serious and
potentially lethal condition marked by
hypovolemia, general oedema and ina-
dequate tissue perfusion. To prevent
further damage by hypoperfusion of
the tissues and organs, restoration of
normovolemia using plasma volume
substitutes, crystalloids or colloids, is
a central part in the treatment of these
patients (De Backer et al. 2011, Del-
linger et al. 2013). However, in a state
of increased capillary permeability, the
infused fluids would be expected to
leak to a greater extent through the ca-
pillary membrane, being less effective

and further aggravating oedema (Marx
2003).

Thus, an important challenge in pa-
tients with increased capillary permea-
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bility would therefore be to achieve
and maintain normovolemia with as
little plasma volume substitution as
possible, thereby minimizing trans-
capillary leakage and adverse oedema
formation. Also, finding a way of tre-
atment to seal the leaking capillaries
would be of great value.

Fluid therapy

Intravenous injections are described
as early as the 17th century, but it was
not until the cholera epidemics in the
1830s that the first reported intrave-
nous fluid treatment took place. The
fluids used, however, were not sterile
and often hypotonic, resulting in se-
vere side effects, and even death from
hemolysis and infections, and the th-
erapy did not gain popularity (Cosnett
1989, Gamble 1953). Further research
and experiments during the late 19th
and early 20th century resulted in the
development of sterile balanced salt
solutions, what we today would recog-
nize as crystalloid solutions. These so-
lutions contain small particles, mainly
electrolytes (e.g. Na*, Cl), sometimes
buffers (e.g. lactate, acetate) and are
mainly isotonic. The three domina-
ting crystalloid solutions are: normal
saline (0.9% NaCl), Ringer’s acetate
and Ringer’s lactate (not registered in
Sweden). As the capillary membrane
is freely permeable to a crystalloid so-
lution, it is rapidly distributed in the
whole extravascular space, which me-
ans that the plasma volume-expanding
effect is relatively poor, in the range
20-25% of the infused volume (Berne



and Levy 1993, Nolan 1999, Guyton
and Hall 2011). This is because the
ratio of the plasma volume and the
interstitial volume is approximately
1:4. Large volumes of crystalloid so-
lutions are therefore needed to replace
intravascular volume losses (Lamke et
al. 1976, Grathwohl at al. 1996). The
need for other solutions, that better ex-
panded the plasma volume, was early
recognized and the search for substan-
ces that remained in the bloodstream
after administration was started.

In 1915 a colloid solution containing
gelatin was introduced into clinical
practice, but it had severe side effects
and was difficult to store (Haljamie
2006). The gelatin products were gra-
dually improved and reached their mo-
dern compositions in the early 1960s.
Gelatin is derived from bovine colla-
gen (Nolan 1999), and the solutions
are polydisperese with a rather small
mean molecular weight (30 kDa). It
is rapidly cleared from the circulation
and excreted through the kidneys, re-
sulting in a short-lived volume expan-
ding effect. It also carries the highest
risk of all colloid solutions to induce
allergic reactions (0.35%) (Laxenaire
et al. 1994, Barron 2004).

In the early 1940s albumin was pu-
rified from human plasma and used
massively in clinical practice during
World War II. Albumin contributes to
approximately 80% of plasma oncotic
pressure, and has several physiological
properties (e.g. transport function). It
is the only natural colloid solution and
has a rather uniform molecular size of

65-69 kDa (Imm and Carlson 1993).
In the normal case, each hour 5-7%
of the plasma albumin escapes the
circulation to the interstitum and re-
circulate via the lymphatic system. The
rate of escape can increase significantly
in states of increased microvascular
permeability (e.g. sepsis, trauma, ma-
jor surgery) (Fleck et al. 1985, Groene-
veld et al. 1987, Haskell et al. 1997)
reducing the efficacy of the treatment
with potential risk of accumulation
of albumin in the interstitium, as the
lymphatic system might get overloa-
ded, and albumin is degraded slowly.

In 1947 dextran, a glucose polymer,
was introduced. Several different solu-
tions are available with different mo-
lecular sizes (40-70 kDa) in different
concentrations dissolved in different
fluids (e.g. dextrose, saline). Approx-
imately half of infused dextran is ex-
creted through the kidneys, while the
rest is degraded to CO, and water by
endogenous dextranase (Haljamie and
Hjelmgqvist 2006). Dextran has good
plasma volume expanding properties,
but can cause anaphylactic reactions
because of naturally occurring antibo-
dies (0.3%). Pretreatment with dex-
tran hapten (20 mL dextran 1) reduces
this incidence markedly (0.0014%)
(Hedin and Ljungstrom 1997). Dex-
tran solutions also affect the coagula-
tion system, a side effect that may in-
crease the risk of bleeding,.

Hydroxyethyl starch (HES) was intro-
duced in 1957, but came in to clinical
use first in the 1970s. HES is a bran-
ched glucose polymer derived from

11



maize or potatoes. Solutions are avai-
lable with different molecular sizes and
concentrations, and are all polydis-
perse. The smaller molecules (< 60-70
kDa) is eliminated by renal filtration,
while the larger molecules are broken
down by plasma amylase before elimi-
nated in the urine (Jungheinrich et al.
2002, Vercueil et al. 2005). The last
few years, however, the safety of HES
solutions has been seriously questio-
ned, as large studies have shown worse
outcome in patients treated with HES
(Perner et al. 2012, Myburgh et al.
2012, Brunkhorst et al. 2008).

Vitamin C

The clinical symptoms of scurvy were
described as early as 1700 BC and re-
peatedly thereafter throughout history.
Scurvy was a limiting factor when ma-
king long distance voyages, killing lar-
ge numbers of sailors during the Age
of Discovery. During the 300 years
between 1500 and 1800, more than
two million sailors are estimated to
have died from the disease.

In 1753 a Scottish doctor, James Lind,
published “A treatise of scurvy” where
the importance of dietary intake of
fresh vegetables, lemons and oranges
were underlined in order to protect
against and treat scurvy, and this sai-
lor plague could finally be extinct
(Carpenter 2012, Chatterjee 2009).
The active substance of this treatment
regime, the antiscorbutic factor, was
discovered in 1927 by the Hungarian
scientist Albert Szent-Gyorgyi (1893-

12

1986) working at the Hopkins Labo-
ratory in Cambridge, UK. The precise
nature of the substance he had disco-
vered was, however, unknown to him
and it was finally named hexuronic
acid (Szent-Gyorgyi 1928). In 1932
a research team led by Charles Glen
King (1896-1988) at Columbia Uni-
versity isolated vitamin C from lemon
juice (King and Waugh 1932). Further
studies revealed that it was identical to
Szent-Gyoérgyi’'s hexuronic acid (Svir-
bely and Szent-Gyorgyi 1932), and
an infected controversy regarding the
discovery followed. In 1937 the battle
was finally won by Szent-Gyorgyi as he
was awarded the Nobel Prize in Phy-
siology or Medicine for his discoveries.

In the 1980s, free oxygen radicals were
suggested to be a pathogenetic factor
behind the massively increased mi-
crovascular permeability after burns
(Till et al. 1989, Demling et al. 1987,
Saez et al. 1984). Different substances
with free-radical scavenging capabili-
ties were tested, among them vitamin
C, which showed beneficial effects in
burns (e.g. preventing capillary leaka-
ge and fluid requirements) both expe-
rimentally and clinically (Matsuda et
al. 1992, Tanaka et al. 1999, Tanaka et
al. 2000, Kremer et al. 2010).

Sepsis, as well as burns, is known to
cause oxidative stress by production
of free oxygen radicals, with the sub-
sequent consumption of antioxidant
molecules (Wilson and Wu 2012,
Tyml 2011) explaining why sepsis pa-
tients often have low levels of vitamin

C (Galley et al. 1996). Recent experi-



mental studies have shown that high-
dose vitamin C can reduce transcapil-
lary leakage of plasma markers, reduce
lymph flow and reduce oedema forma-
tion in animal sepsis models (Fisher et
al. 2011, Zhou et al. 2012). The me-
chanism of action is not fully under-
stood, but besides scavenging oxygen
radicals, vitamin C also reduces en-
dothelial adhesion molecules and mo-
dulates of nitric oxide production (Wu
et al. 2004, Friedl et al. 1989), thereby

improving microvascular function.
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Aims of the studies

Study I

To compare the plasma volume expan-
ding effect, in sepsis/systemic inflam-
matory response syndrome (SIRS), of
a fast infusion rate with that of a slow
infusion rate of a fixed volume of 5%
albumin, of the synthetic colloids 6%
HES 130/0.4 and 4% gelatin, and
of 0.9% NaCl, and to compare the
plasma expanding effect between these
fluids.

Study II

To evaluate the plasma volume expan-
ding effect, in sepsis/SIRS, of a fast in-
fusion rate with that of a slow infusion
rate of a fixed volume of 6% dextran
70 and 5% human albumin, and to
compare the plasma expanding effect

of these fluids.

Study III

To compare the degree of plasma vo-
lume expansion by 0.9% NaCl in sep-
sis/SIRS, after a standardized hemorr-
hage, and in a normal condition.

Study IV

To evaluate the effect of post-injury
high-dose vitamin C-treatment on the
loss of plasma volume in the early stage
of sepsis

15
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Materials and methods

Ethics

All studies were approved by the Ethi-
cal Committee on Animal Experi-
ments, Lund, Sweden, and the animals
were treated in accordance with the
guidelines of the National Institutes of
Health for Care and Use of Laboratory

Animals.

Animals

The experiments were performed on
professionally bred male adult Spra-
gue-Dawley rats (I, III, IV) or male
adult Dunkin-Hartley guinea pigs (II).

Anaesthesia and set up

Anaesthesia was induced by placing
the animals in a covered glass contai-
ner with a continuous supply of 5%
isoflurane in air (Forene® 100%; Ab-
bot Scandinavia AB, Solna, Sweden).
After induction, the animals were re-
moved from the container, and anaes-
thesia was maintained with 1.5-1.8%
isoflurane in air using a mask, while
tracheostomy was performed. Then
the animals were connected to a venti-
lator (Ugo Basile; Biological Research
Apparatus, Comerio, Italy), and ven-
tilated in a volume-controlled mode
with a positive end expiratory pressure

of 4 cmH,0. Anaesthesia was maintai-
ned with 1.5-1.8% isoflurane in air
throughout the experiment. End-tidal
PCO, was continuously monitored
(Capstar-100; CWE, Ardmore, PA).
Rectally measured body temperature
was kept at 37.1-37.3°C via a feed-
back-controlled heating pad. The left
femoral artery (I, III, IV) or the left
common carotid artery (II) was can-
nulated to monitor arterial blood pres-
sure and to obtain blood samples for
analysis of electrolytes, haematocrit,
lactate, arterial blood gases (I-STAT;
Abbot Point of Care Inc, Abbot Park,
IL), and plasma volumes. The left fe-
moral vein (I, III, IV) or the left in-
ternal jugular vein (II) was cannulated
and used for infusions, and kept open
with a continuous infusion of saline at
0.2 puL/min. The right internal jugu-
lar vein was cannulated and used for
injection of '»l-albumin for plasma
volume measurements. After the expe-
riments, the animals were killed with
an intravenous injection of potassium

chloride.

Sepsis model

A well-established model of severe sep-
sis (Scheiermann et al. 2009) was used
in the present study. After a longitu-
dinal midline skin incision over the
abdominal wall with diathermia, a la-
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parotomy was performed by incision
along the linea alba. The caecum was
ligated just below the ileo-caecal valve
and an incision of 1 cm in length was
made in the caecum, allowing leakage
of faeces into the abdominal cavity,
thereby inducing sepsis/SIRS. The ab-
dominal wall and the skin were then
closed with clips. After a few hours
there was a significant decrease in
plasma volume, indicating systemic
inflammation with increased micro-
vascular permeability.

Plasma volume

Plasma volume (PV) was determined
by measuring the radioactivity in 100
uL of plasma taken 5 min after an in-
travenous 0.5-mL injection of human
]-albumin with a known amount of
activity. To calculate the amount of ra-
dioactivity given (n_), the remaining
activity in the used and emptied vial,
syringe, and needle was measured and
subtracted from the total activity in the
prepared dose. The increase in plasma
radioactivity was then calculated by
subtracting the concentration of acti-
vity in a blood sample taken just be-
fore the injection (C)) from that taken
5 min after the injection (C)), thereby
adjusting for any remaining radioacti-
vity from previous measurements. PV
could then be calculated:

PV=n_/(C,-C) Eq.3

Radioactivity was measured with a

gamma counter (Wizard 1480; LKB-
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Wallac, Turku, Finland). Free iodine
was measured regularly following pre-
cipitation with 10% trichloroacetic
acid.



Experimental protocols

Study I

The plasma volume expanding effects
of a fixed volume of different plasma
volume expanders were investigated
when given at a slow (3 hrs) or a fast
(15 mins) infusion rate in a rat model
of severe sepsis. Treatment was given
intravenously and started 3 hrs after
the initiation of sepsis. The plasma vo-
lume expanders analysed were 5% al-
bumin (Albumin Baxter, 50 g/L, Bax-
ter Medical AB, Kista, Sweden), 6%
HES 130/0.4 (Voluven®, 60 mg/mL,
Fresenius Kabi, Uppsala, Sweden),
4% gelatin (Gelofusine®, 40 mg/mL,
Braun Medical AB, Danderyd, Swe-
den) and 0.9% NaCl (Natriumklorid,
9 mg/mL, Fresenius Kabi, Uppsala,
Sweden). Plasma volumes were measu-
red at baseline, 3 hrs after initiation of
sepsis and at the end of the experiment
3 hrs later. A control group that under-
went the same surgical procedure, but
received no treatment, was also inclu-
ded in the study.

Study II

The plasma volume expanding effects
of a fixed volume of two different plas-
ma volume expanders were investiga-
ted when given at a slow (3 hrs) or a
fast (15 mins) infusion rate in a guinea
pig model of severe sepsis. Treatment
was given intravenously and started 3

hrs after the initiation of sepsis. The
plasma volume expanders analysed
were 6% dextran 70 (Macrodex®, 60
mg/mL, MEDA AB, Solna, Sweden)
and 5% albumin (Albumin Baxter, 50
g/L, Baxter Medical AB, Kista, Swe-
den). Plasma volumes were measured
at baseline, 3 hrs after initiation of sep-
sis and at the end of the experiment
3 hrs later. A sham group that under-
went the same surgical procedure, but
received no treatment, was also inclu-
ded in the study.

Study III

The plasma volume expanding effect
of 0.9% NaCl (Natriumklorid, 9 mg/
mL, Fresenius Kabi, Uppsala, Sweden)
was investigated in rats. A fixed vo-
lume (32 mL/kg) given to 3 different
groups: a sepsis/SIRS group in which
sepsis/SIRS was induced by cecal liga-
tion and incision, a hemorrhage group,
in which the rats were left without in-
tervention for 4 hrs and bled 8 mL/kg
thereafter, and a third group that was
left without intervention. Then, 4 hrs
after baseline, all 3 groups were given
an infusion of 0.9% NaCl (32 mL/kg)
for 15 mins. Baseline was defined as
the time point when the surgical pre-
paration was finished. Plasma volumes
were measured at baseline, at 4 hrs just
before start of the infusion, and finally
20 mins after the end of infusion.
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Study IV

The effect of intravenous vitamin
C (Askorbinsyra 100 mg/mL, APL,
Stockholm, Sweden) on plasma vo-
lume was evaluated in the early stage
of sepsis in the rat. We compared 2
different treatment regimes: one with
a small bolus dose (66 mg/kg) follo-
wed by a continuous infusion (33 mg/
kg/h) (Tanaka et al. 1999, Kremer et
al. 2010), and one with a high bolus
dose (200 mg/kg) as single treatment
(Zhou et al. 2012, Fisher et al. 2011).
Treatment was initiated 3 hrs after in-
duction of sepsis. A sham group that
underwent the same surgical procedu-
re, but received no treatment, was also
included in the study. Plasma volumes
were measured at baseline, at 3 hrs af-
ter the end of surgical preparation, and
at the end of the experiment another 3
hrs later.
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Results

Study I

The plasma expansion of 5% albumin,
6% HES130/0.4, and 4% gelatin
was larger 3 h after the start of infu-
sion when given with a slow infusion
rate than when given with a fast in-
fusion rate. This difference was more
pronounced with albumin than with
the other colloids. Given in equal vo-
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lumes, the plasma volume expanding
effect 3 h after start of the infusion
was better for 5% albumin than for
6% HES 130/0.4 and 4% gelatin. The
plasma expanding effect of 0.9% NaCl
was not affected by the infusion rate,
and 0.9% NaCl was not more effective
than any of the colloid s, even though
it was given in a 4 times larger volume

(Fig 3).
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Figure 3. Plasma volumes (PV). PV at baseline (PV)), 3 h after the preparation just before the start of infusion
(PV,), and at the end of the experiment (PV,) given as a continuous (3-h) infusion or as a bolus (15-min) in-
fusmn of 5% albumin (n = 12 per group), 6% HES 130/0.4 (n = 10 per group), 4% gelatin (n = 10 per group)
or 0.9% NaCl (n = 8 per group). Corresponding data for the control group (n = 8) are also shown. There was
a significant difference between PV, and PV, for all groups and a significant difference between the continuous
group and the bolus group for all solutlons except 0.9% NaCl. There was a significant difference between the
albumin bolus group and the control group. Two-way ANOVA with Bonferroni as post hoc test was used for
the statistical analyses. (* p <0.05, ** p <0.01, *** p<0.001).
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Study II

The plasma volume expanding effects
of a fixed volume of 6% dextran 70
and 5% human albumin were greater
3 h after the start of infusion when the
fluid was given at a slow infusion rate
rather than at a fast one. PV for all
treatment groups differed significantly
from that of the sham group at the end
of the experiment, regardless of infu-
sion rate (Fig 4).
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Figure 4. Change in plasma volume. Comparison
of change in plasma volume from the start of infu-
sion (PV,) to the end of the experiment (PV,) for
the continuous (3 h) groups and the bolus (15 min)
groups. There was a significant difference between
the continuous (3 h) groups and the bolus (15 min)
groups for both fluids analysed. There was also sig-
nificant difference between both dextran groups and
the continuous albumin group, and the sham group
(p < 0.05). Student’s t-test for unpaired observations
was used for the statistical analyses (** p < 0.01, ***
p <0.001).
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Study III

The plasma volume-expanding effect
20 mins after the end of an infusion
0f 0.9% NaCl (32 mL/kg) differed
significantly between sepsis/SIRS and
the normal state, and after a short pe-
riod of hemorrhagic hypovolemia in
rats. The increases in plasma volume
in relation to the infused volume of
0.9% NaCl (32 mL/kg) were 0.6%
in in sepsis/SIRS, 20% after hemorr-
hage, and 12% when given to rats in a
normal state.
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Figure 5. Increase in plasma volume (PV) in rela-
tion to the infused volume for the sepsis group (S
group), the normovolemic group (N group), and the
hemorrhage group (H group). There were significant
differences between the S 110group and the N group,
and the S group and the H group. Data are mean +
SD. Two-tailed Student’s t-test for unpaired observa-
tions was used for the statistical analyses (** p < 0.01,
5 p 2 0.001).



Study IV

The two investigated vitamin C tre-
atment regimes, initiated 3 hrs after
induction of sepsis, had no effect on
the loss of plasma volume (Fig. 6), or
any of the physiological parameters
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analysed, in the early stage of sepsis
in the rat. High-dose bolus of vitamin
C (200 mg/kg) caused an increase in
urine production (Fig. 7).

Figure 6. Plasma volumes. Plasma volumes at base-
line (PV)), 3 hrs after the surgical preparation just be-
fore the start of treatment (PV),), and at the end of the
experiment (PV). There was no significant difference
between any of the groups at any time points. There
was a significant difference between PV, and PV,
and PV, and PV, for all groups. Two-way ANOVA
for repeated measures followed by Bonferroni post
hoc test was used for the statistical analyses

(* p < 0.01).

Figure 7. Urine production. Data for urine produc-
tion (mL/kg) from the end of surgical preparation to
the end of the experiment. There was a significantly
larger urine production in the B group compared to
the S (Sham) group. Student’s t-test was used for the
statistical analyses (*** p < 0.001).
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General discussion

Caecal ligation and incision causes an
acute bacterial peritonitis, with sub-
sequent SIRS and organ failure, and
provides a good predictable model for
acute severe sepsis in rodents (Scheier-
mann 2009).

Sprague-Dawley rats (I, III, IV) and
Dunkin-Hartley guinea pigs (II) were
used, all male to rule out potential
gender differences.

The surgical technique to induce sep-
sis was carefully standardized, since an
equal distribution of the intensity of
sepsis in the groups is of importance.
Guinea pigs are more sensitive to the
caecal ligation and incision procedure
than rats, resulting in a more aggres-
sive systemic response and a higher
intra-experimental mortality, but in
contrast to rats they are not allergic to
dextran.

A problem with all animal models is
that they are just animal models, and
therefore the results cannot be directly
transferred to man.

Also, the homogeneity of both the
studied population and the severity of
disease are of importance for the expe-
riments, but it does not reflect the case
mix and variability of sepsis in clinical
practice.

125]_albumin dilution

technique

The dilution technique using '*I-albu-
min as tracer is well established for the
calculation of plasma volume in expe-
rimental and clinical studies with re-
producible results in both normal and
inflammatory states (Magarson and
Soni 2005, Dubniks et at. 2007). Ho-
wever, free iodine in the tracer injected
can result in some overestimation of
the plasma volume (Valeri et al. 1973),
as free iodine is distributed quickly to
the whole extracellular space. Free io-
dine was measured regularly following
precipitation with 10% trichloroacetic
acid, and as it was found to be small in
the prepared samples, it must have had
minor influence on the results.

There might also have been overesti-
mation of plasma volume because of
transcapillary escape of radioactive
albumin during the 5-min period bet-
ween injection of the tracer and col-
lection of the blood sample, especi-
ally at states of increased permeability
(Magarson and Soni 2005, Valeri et al.
1973). This means, that there will be
a larger overestimation of the plasma
volume after initiation of sepsis than at
baseline, but this overestimation would
have been small, considering the short
period of time (5 min) between the
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injection of '*’I-albumin and measu-
rement. This time period was chosen,
as it has previously been shown to be
sufficient for complete mixture of the
tracer in plasma both in cat and in hu-
man (Persson and Grinde 2006, Imm

and Carlson 1993).

Finally, remaining radioactivity in the
syringe, the vial, and the needle used
was subtracted from the radioactivity
initially calculated, and did not contri-
bute to any error in the plasma volume
measurement.

All this taken together means, that the
expected overestimation of the plasma
volume measurements with the design
of the dilution technique used is small.
Independent of this, in study I, II and
IV remaining errors will have no influ-
ence on the conclusions made, as they
will be of the same magnitude for all
groups. In study III, the increased mi-
crovascular permeability in the septic
group might have resulted in a larger
overestimation of plasma volume com-
pared to the 2 other groups. However,
again considering the short time pe-
riod of 5 min between the injection
of '»I-albumin and the measurement,
the error must be small.

Colloids, NaCl and sepsis

Study I and II showed that the degree
of plasma volume expansion of a fixed
volume of the colloid solutions 5% al-
bumin, 6% HES 130/0.4, 4% gelatine
and 6% dextran 70 measured 3 h after
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start of the infusion is larger when it
is given at a slow infusion rate than if
it is given at a fast rate in animal sep-
sis models. The differences in plasma
volumes at the end of the experiment
were reflected in the difference in he-
matocrit values for all studied colloids.

The synthetic colloid dextran 70 has
previously been shown to have good
plasma volume expanding properties
in states of normal capillary permea-
bility (Dubniks et al. 2009, Zdolsek
et al. 2011) and in states of increased
capillary permeability (Karanko 1987,
Persson and Grinde 2006). Dextran
70 could not be included in study I,
as rats are allergic to dextran (Voorhees
et al. 1951). Therefore, it was investi-
gated in a separate study in guinea pigs

(I1).

The better plasma volume expanding
effect with a slow infusion rate than
with a fast infusion rate is compatible
with the Starling equation (Eq. 1) and
the 2-pore model of transcapillary flu-
id exchange (Fig. 2). A bolus infusion
would be expected to cause a transient
increase in capillary pressure (P) from
the transient increase in systemic arte-
rial pressure (P ), a decrease in precapil-
lary resistance (R ) due to activation of
the baroreceptor reflex, and decrease in
hematocrit, all of which can be expec-
ted to lead to an increase in transcapil-
lary fluid loss (J )( Nygren et al. 2010,
Dubniks et al. 2007). Our results of
a significantly larger increase in mean
arterial pressure and decrease in Het in
the bolus groups during the first time
period after start of the infusion (I) are



compatible with these proposals. This
was also demonstrated in a separate
experiment, where the plasma volume
loss was shown to be fast after end of
the bolus infusion of albumin, falling
to the same plasma volume as that ob-
tained with a continuous infusion after

slightly more than 1 h (I).

The release of atrial natriuretic peptide
(ANP) and brain natriuretic peptide
(BNP) from the heart may be larger
with a bolus infusion than with a con-
tinuous infusion, resulting in more
urine production and smaller plasma
volume (Woodard and Rosaldo 2008).
These hormones may also cause an in-
crease in microvascular permeability
(Huxley and Tucker 1987). The results
in these studies were not influenced by
an increased urine production, as urine
production was very small in in rela-
tion to the volumes infused. However,
the possibility that the permeability-
increasing effect of ANP and BNP re-
sulted in plasma volume loss (Huxley
and Scallan 2011) cannot be excluded.

It has also been suggested that isoflu-
rane may contribute to edema forma-
tion and tissue damage in sepsis/SIRS
(Soehnlein et al. 2010), and the vaso-
dilatory effect of isoflurane might have
contributed to an increase in transca-
pillary leakage in all groups by an in-
creace in P, which may have aggrava-
ted the plasma volume loss.

With HES and gelatin there were
poorer plasma volume expansion, and
smaller differences in plasma volumes
between the continuous and the bolus

groups (I) compared to albumin (I, II)
and dextran (II). Tentative explana-
tions are given below.

HES is degraded by amylase resulting
in halving of the molecular weight
within 20-30 min. The initial half-life
of plasma elimination of HES 130/0.4
is thought to be approximately 3045
min after infusion in man (Waitzinger
et al. 1998). The degradation rate can
be expected to be even faster in the rat
than in man because of a higher plas-
ma concentration of amylase in the
rat (Tuba and Wiberg 1953), most li-
kely resulting in extensive degradation
within the 3-h study period. Thus, the
results for HES in the present study
cannot be directly extrapolated to hu-
mans. The much smaller degradation
products could also be expected to
pass the endothelial membrane to the
interstitium more easily, a mechanism
probably even more pronounced in a
state of increased microvascular per-

meability such as sepsis/SIRS.

Gelatin has a relatively low mean MW
of 30 kDa. Being a polydisperse col-
loid, a large part of the molecules are
small enough to pass not only through
the large pores, but also through the
small pores. This, and the fact that the-
re is degradation of the molecules, me-
ans that there may be a relatively fast
and continuous transcapillary leakage
of gelatin during the 3-h period after
the start of the infusion, especially
when there is an increase in capillary
permeability. This might explain the
poor plasma volume expanding effect
of gelatin in the present study.
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For the crystalloid 0.9% NaCl there
was no significant difference in plasma
volume expanding effect 3 hrs after
start of infusion, regardless of infusion
rate. Plasma volumes did not even dif-
fer significantly from the control gro-
up, even though NaCl was given in a
4 times larger volume than the colloid
solutions (I). This was further investi-
gated in study III, which showed an
initial plasma volume expanding ef-
fect of a bolus infusion of 32 mL/kg of
only about 1% 20 mins after the end
of infusion in the rat sepsis model. In
hypovolemia, but with preserved mi-
crovascular permeability after acute
haemorrhage, treated according to the
same protocol (III), the plasma volu-
me-expanding effect was found to be
20% of the infused volume.

The lack of difference in plasma vo-
lume expansion in sepsis/SIRS bet-
ween the NaCl-groups (study I) is to
be expected, since the capillaries are
freely permeable to crystalloids with a
fast distribution of the solution to the
whole extracellular space. The lack of
difference in PV expansion compared
with the control group (I) and the re-
sult of a close to none-existing plasma
volume expanding effect (II) is sur-
prizing, considering the traditional
view that about 20-25% of the infused
volume (Guyton and Hall 2011, No-
lan 1999) should stay intravascularly,
which, indeed, was the result with nor-
mal microvascular permeability (III).
This indicates that pathophysiological
changes in sepsis/SIRS also influence
the plasma volume-expanding effect
for a crystalloid.
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When giving a crystalloid solution,
under normal circumstances approx-
imately 75% of the infused volume
is distributed quickly to the inters-
titial space. With sepsis/SIRS, when
plasma has already been lost to the
extravascular space, the ratio between
the plasma volume and the interstitial
volume is reduced. This means that
relatively more of the infused volume
would be distributed to the interstitial
space compared to the normal case.
Further, as the infused saline is flowing
through the large pores of the capillary
membrane, there may also be a subse-
quent loss of proteins via convection
(Gandhi and Bell 1992). This means
that the part of a crystalloid infusion
that passes through the large pores will
increase the loss of proteins when the
infused fluid is distributed from the
intravascular space to the interstitial
space (Mullins and Bell 1982). The
loss of proteins by this mechanism will
be aggravated in sepsis, since the num-
ber of large pores is increased (Smith
et al. 1987), and a relatively greater
proportion of the infused volume will
therefore pass through the large pores.

Also, the large volumes of 0.9% NaCl
will transiently dilute plasma proteins,
resulting in a reduction in capillary on-
cotic pressure (1), which will increase
fluid transfer to the extravascular space
(Rippe and Haraldsson 1987).

Finally, the 4 times higher infusion
rate for 0.9% NaCl than for the col-
loids (I) results in a transient increase
in hydrostatic capillary pressure (P).
All these mechanisms may lead to in-



creased leakage of fluid through the
capillary pores, and increased leakage
of proteins by convection through the
large pores, explaining the poor plas-
ma volume expanding effect.

For the colloid groups and the control
group, the lactate concentrations fol-
lowed the expected pattern in relation
to the plasma volumes, which means
that the lowest concentrations at the
end of the experiment were seen for
the group with the highest plasma vo-
lume, except for the dextran bolus gro-
up (II). Any explanation to why this
agreement was not seen for this group
has not been found. For 0.9% NaCl,
the lactate concentrations were lower
at the end of the experiment than in
the colloid groups, despite the fact that
the plasma volumes were low and did
not even differ from the control gro-
up. Most likely this does not reflect a
smaller lactate production in the 0.9%
NaCl groups, but rather that lactate
was diluted in a larger extracellular vo-
lume in these groups because of the 4
times larger volumes infused.

Vitamin C and plasma
volume

experimental studies have

shown that vitamin C is beneficial in

Several

burns by preventing capillary leakage
and fluid requirements. In guinea pigs,
vitamin C reduced the water content
of the skin and decreased the need of
resuscitation volume, and in dogs it
decreased protein leakage and lymph

flow in the early phase after burns
(Matsuda et al. 1992). Vitamin C th-
erapy has also been shown to counte-
ract the negative interstitial pressure,
oedema formation and endothelial
damage after burn in the rat (Kremer
et al. 2010, Tanaka et al. 1999). A
study in humans showed a reduction
in resuscitation volume with vitamin
C treatment after severe burn (Tanaka
et al. 2000). In contrast, one study in
dogs found no changes in microvascu-
lar permeability or in oedema forma-
tion when vitamin C was given after
burn in the dog (Aliabadi-Wahle et al.
1999).

Vitamin C has also been shown to have
beneficial effects on the microcircula-
tion in moderate sepsis in the rat (Tyml
et al. 2005). In 2006, on a meeting on
vitamin C it was concluded that there
were arguments based on experimental
studies for the hypothesis that high-
dose vitamin C improves microvascu-
lar endothelial function in sepsis (Lehr
etal. 2006). This hypothesis has found
further support in some recent studies
in septic mice, where vitamin C has
been shown to have positive effects on
various pathophysiological changes in
sepsis, including the microvasculature
of the lung and capillary leakage of
different injected tracers (Fisher et al.
2011 and 2012, Zhou et al. 2012).

Sepsis, as well as burns, cause transca-
pillary leakage of plasma, reducing the
circulating plasma volume (Bark et al.
2013, Demling 2005). We therefore
tested the hypothesis that vitamin C
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would reduce the loss of plasma volu-
me in the early stage of sepsis (IV), but
in our study none of the two investiga-
ted treatment regimes of intravenous
vitamin C had any effect on plasma
volume loss in the early stage of sepsis
in the rat (IV). Neither were there any
differences in any of the physiological
parameters analysed.

In most studies found in the current
literature, vitamin C-treatment was
started either before or closely after
injury (e.g. sepsis, burns). The fact
that we started the treatment 3 hrs
after injury, which is a more clinically
relevant approach, might explain our
negative results. However, in one study
(Zhou et al. 2012), treatment with vi-
tamin C (200 mg/kg) was initiated 3
hrs after injury, as in our study, and
they demonstrated a positive effect, in
terms of reduced capillary leakage of
Evans blue after 12 hrs in the septic
mouse. Our negative results may also
be partly explained by the fact that
caecal ligation and incision used in
the present study probably resulted in
a more severe sepsis than in the caecal
ligation and puncture model used in
many other studies. We also chose to
evaluate the effect on plasma volumes
3 hrs after initiation of treatment, a
time period shorter than most other
previous studies, and it cannot be ex-
cluded that this might have contribu-
ted to our negative results.

The larger urine production in the B

group was in accordance with previous
studies, both in humans and in dogs,
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showing a diuretic effect of vitamin
C (Kenawy 1952, Abbasy 1937), alt-
hough the mechanism of action is un-
clear.



Main conclusions

- In animal models of severe sepsis, the
plasma volume expanding effect of 5%
albumin, 6% HES130/0.4, 4% gelatin
and 6% dextran 70 is larger 3 h after
the start of infusion when given with
a slow infusion rate than when given
with a fast infusion rate.

- In animal models of severe sepsis, the
plasma volume expanding effect of 5%
albumin and 6% dextran 70 is better
than that of 6% HES130/0.4 and 4%

gelatin.

- In a rat model of severe sepsis, the
plasma volume expanding effect of
0.9% NaCl is negligible regardless of

infusion rate.

- In a rat model of haemorrhagic hypo-
volemia the initial plasma volume ex-
panding effect of a bolus infusion of

0.9% NaCl is 20%.

- The plasma volume expanding effect
of 0.9% NaCl is highly dependent on
patho-physiological changes in syste-
mic inflammation.

- Intravenous vitamin C-treatment
started 3 hrs after initiation of sepsis
does not decrease the loss of plasma
volume in the early stage of sepsis in
the rat.

- High-dose vitamin C has a diuretic
effect.
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Sammanfattning pa svenska

Blodcirkulationens uppgift ir att forse
kroppens vivnader med niringsim-
nen, vitska och syre, samt att trans-
portera bort slaggprodukter fran en-
ergiomsittningen. Hornstenen i detta
utbyte mellan vivnader och cirkula-
tion dr kapillirerna, kroppens minsta
och tunnaste blodkirl, som bestir av
ett enda lager sammanhingande celler.
Mellanrummen mellan cellerna dr mer
eller mindre tita, beroende pd omgi-
vande organs och vivnaders behov.
Kapillirerna fungerar pid detta sitt
som ett filter, dir vissa imnen i stor
utstrickning hélls kvar i blodbanan
(t ex proteiner, blodkroppar) medan
andra fritt passerar mellan kapilliren
och omgivningen (t ex syre, koldi-
oxid, vatten). Normalt flodar dirfor
en ndringsrik, proteinfattig vitska frin
blodet till omgivande vivnad. For att
forhindra vitskeansamling i vivnaden,
s.k. 6dem, finns ett annat system som
transporterar tillbaka vitskan till blod-
cirkulationen, nimligen lymfsystemet.

For att forstd kapilldrfiltret kan man
schematiskt se det som en sil besta-
ende av tva olika typer av hal. Sma
hal, som slipper igenom smd dmnen
och vatten, och stora hil som ocksi
slipper igenom proteiner. De smd
halen finns det enorma mingder av,
medan de stora hilen, i normala fall,
ar mycket sillsynta. Nir nagot skadas
i kroppen uppstir ibland inflamma-
tion, di det skadade omradet blir rott

och svullet. Anledningen till detta ir
bland annat att kapilldrfiltret blir mer
genomslappligt, det blir fler stora hél
i silen, och storre mingder vitska och
proteiner licker ut for att hjilpa till atc
reparera den skadade vivnaden. I sam-
band med svir blodférgiftning, svira
olyckor eller omfattande operationer
kan hela kroppen drabbas av inflam-
mation i varierande grad (systemisk
inflammation=SIRS). Stora mingder
vitska kan da licka ut fran blodbanan,
lymfsystemet blir 6verbelastat och
det bildas 6dem, som ir skadligt for
patienten. Samtidigt toms blodcirku-
lationen pa vitska och hjirtat far for
sma volymer blod att pumpa ut, och
blodcirkulationen kan inte lingre forse
vivnader och organ med syre och ni-
ringsimnen.

For att normalisera blodcirkulationen
och forhindra skador pa vivnaderna dr
en viktig del i behandlingen av dessa
patienter, att ersitta den forlorade
vitskan med vitskelosningar, dropp,
som ges rakt in i blodet. Det finns flera
olika typer av vitskeldsningar, men de
kan grovt delas in i tva grupper, kristal-
loider, som bestar av vatten och sma-
dmnen (t ex salter) och kolloider, som
ocksd innehiller stérre amnen. Kristal-
loider passerar fritt genom kapillirfil-
tret, medan kolloiderna bara kan pas-
sera genom de stora hilen. Problemet
vid behandlingen av patienter med
SIRS ir att ocksd de vitskelosningar
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som ges licker ut och bildar ytterligare
odem.

I delarbete I och III kunde vi visa att
genom att ge kolloida vitskor langsamt
till rictor med SIRS stannade en storre
del kvar i blodcirkulationen, in om
samma mangd vitska gavs snabbt. Om
detta gér att 6verfora till patienter med
SIRS, s skulle man kunna 6ka effek-
ten, och dirigenom minska de givna
mingderna och 6dembildningen, ge-
nom ge kolloida vitskor lingsammare.
Den kristalloid, 0.9% NaCl (koksalt),
vi ocks3 testade kunde vi, till var forva-
ning, inte se nigon effeke av alls.

I delarbete II undersokte vi hur stor
del av en given mingd 0.9% NaCl
som fanns kvar i blodcirkulationen
20 minuter efter avslutad behandling
vid SIRS och efter en akut blédning.
I blédningsgruppen fanns 20 % kvar,
medan det i gruppen med SIRS bara
fanns knapp 1 % kvar, trots att bida
grupperna hade lika stor vitskebrist
fran borjan. Detta tyder pa att sjuk-
liga férindringar vid SIRS péverkar ef-
fekten av behandling med kristalloida

vitskor.

I delarbete IV undersokte vi om stora
doser C-vitamin givet tre timmar ef-
ter insjuknande i SIRS kunde paverka
vitskeldckaget frin blodbanan. I tidi-
gare djurforsok har C-vitamin visat sig
vara effektivt for just detta vid SIRS,
men i de flesta forsok har man har bor-
jat behandlingen redan innan djuren
blivit sjuka, vilket 4r mindre intressant
ur klinisk synpunkt. Med var behand-
ling, startad i ett senare skede, kunde
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vi inte pavisa ndgon péaverkan pa licka-
get av vitska fran blodbanan.
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Importance of the Infusion Rate for the Plasma
Expanding Effect of 5% Albumin, 6% HES
130/0.4, 4% Gelatin, and 0.9% NaCl

in the Septic Rat*

Bjorn P. Bark, MD; Johan Persson, MD, PhD; Per-Olof Grinde, MD, PhD

Objectives: To compare the plasma volume (PV) expanding effect
of a fast infusion rate with that of a slow infusion rate of a fixed
volume of 5% albumin, of the synthetic colloids, 6% hydroxyethyl
starch 130/0.4 and 4% gelatin, and of 0.9% NaCl in a rat sep-
sis model and to compare the plasma-expanding effect among
these fluids.

Design: Prospective, randomized animal study.

Setting: University hospital laboratory.

Subjects: One hundred and twelve adult male rats.

Interventions: Sepsis was induced by cecal ligation and incision fol-
lowed by closure of the abdomen. After 3 hrs, an infusion of the PV
expander under study was started at a volume of 12mL/kg for the
colloids and of 48mL/kg for 0.9% NaCl, either for 15 mins or for 3
hrs. A control group underwent the same experimental procedure but
no fluid was given.

Measurements and Main Results: Three hours after start of
the infusion (end of experiment), the plasma-expanding effect

was better with a slow than a fast infusion rate for the col-
loids, especially albumin, but the NaCl groups did not differ
significantly from the control group. The PV for the control
group was 28.7+3mL/kg. In the slow and the fast infusion
groups, it was 38.9+4.3 and 32.6 + 4.2 mL/kg for albumin (p <
0.001), 32.9+4.3 and 29.5+4.4 mL/kg for hydroxyethyl starch
130/0.4 (p < 0.05), 31.8+3.9 and 28.2+4.1 mL/kg for gelatin
(p < 0.05), and 31.8+5.3 and 30.7 £ 6.6 mL/kg for NaCl (n.s),
respectively.

Conclusions: The study showed that the PV expansion by a colloid
was greater when given at a slow than at a fast infusion rate, an
effect more pronounced for albumin. This difference was not seen
for NaCl. The PV-expanding effect was poor for NaCl and better
for albumin than for the other colloids. (Crit Care Med 2013;
41:857-866)

Key Words: albumin; colloids; gelatin; hydroxyethyl starch; infusion
rate; plasma volume; plasma volume expander.

space to the extravascular space and returned back to
the circulation via the lymphatic system. The rate of
the transfer is denoted “the transcapillary escape rate” (TER).
TER for albumin is normally 5%-7% of total albumin per
hour in man, but it can increase by a factor of 2-3 times

P lasmais continuously transferred from theintravascular
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during inflammatory conditions such as sepsis/systemic
inflammatory response syndrome (SIRS) and after trauma
(1-3). A TER above the capacity of the lymphatic system will
result in accumulation of interstitial fluid and hypovolemia,
with activation of the baroreceptor reflex. This may cause
compromised tissue perfusion, increased tissue pressure, and
reduced transcapillary oncotic pressure with altered Starling
fluid equilibrium, longer diffusion distances, and pulmonary
insufficiency (4, 5). Treatment of hypovolemia with plasma
volume (PV) substitution under these conditions will
cause further accumulation of interstitial fluid. Thus, in the
restoration of PV in these patients, it would be favorable to
reduce transfer of fluid to the extravascular space.

According to the two-pore theory of transcapillary fluid
exchange, the capillary membrane contains small pores that
are permeable only to small solutes and the large pores—which
are more than 10,000 times less abundant—that are also per-
meable to proteins (6). Transcapillary leakage of proteins not
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only depends on the permeability of large pores but also on
the hydrostatic transcapillary pressure. Hydrostatic capillary
pressure can increase through an increase in arterial pressure,
an increase in venous pressure, or an increase in postcapillary/
precapillary resistance ratio (7). It was recently confirmed,
both experimentally in the rat (8) and in man (9), that a mod-
erate increase in arterial pressure from noradrenaline infusion
results in a significant decrease in PV under conditions of in-
creased capillary permeability. As a high infusion rate of a PV
expander most likely will cause a transient increase in arterial
and venous pressures and also a transient decrease in precap-
illary resistance, it can be expected that there will be greater
transcapillary leakage when a PV expander is administered
at a high infusion rate than when it is administered at a low
infusion rate. A fast infusion will also cause a transient dilu-
tion of the red blood cells, which will increase the exposure of
the extended plasma column between two erythrocytes to the
large pores, with the potential of an increase in plasma leakage.
This hypothesis is supported by experimental studies on the
dog and the rat, showing increase in PV after the transfusion
of erythrocytes (10, 11). Furthermore, the release of atrial na-
triuretic peptide (ANP) and brain natriuretic peptide (BNP)
from the heart may be larger with a bolus infusion than with a
continuous infusion, resulting in more urine production and
smaller PV (12). There are indications from the literature that
these hormones may also cause an increase in microvascular
permeability (13).

Correction of hypovolemia is an important therapeutic
measure, and both crystalloids and colloids are used (14).
Crystalloids are distributed passively within the entire ex-
tracellular compartment in relation to the volume of plasma
and intersitium. Under normal circumstances, approximately
70%—80% of the infused volume will be distributed relatively
quickly to the intersititial space and about 20%—30% acts as
PV expander (15). Thus, treatment with crystalloids is asso-
ciated with a significant increase in interstitial fluid volume.
Colloid solutions consist of macromolecules and, according
to the two-pore theory, leak mainly through the large pores,
a leakage that increases under increased permeability (8, 16).
This means that treatment with colloids can be associated with
aggravation of adverse interstitial accumulation of macromol-
ecules and fluid, especially in inflammatory conditions such as
sepsis/SIRS.

To our knowledge, there are no studies specifically analyz-
ing the importance of the infusion rate for PV expansion. We
have only found two studies, which showed some relation to
this issue. One study showed a higher survival rate and lower
morbidity with a slow infusion rate than with a fast infusion
rate in acute pancreatitis (17). The other study showed higher
mortality in children suffering from a severe febrile illness if
given a bolus infusion at the time of admission to the hospital
instead of a standard fluid administration (18). Even though
there is no consensus regarding infusion rates, a PV expander
is often given at a fast rate to treat a suspected hypovolemia
without delay.
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According to the considerations above, the smallest possible
volumes for PV resuscitation to maintain normovolemia should
be used to reduce the risk of simultaneous interstitial fluid
accumulation. Using a model of rat sepsis, we tested the hy-
pothesis that a slow infusion rate of a PV expander results in
better plasma expansion than a fast infusion rate. This was
done by comparing the PVs 3 hrs after start of the infusion
of a fixed volume of the natural colloid 5% albumin, the syn-
thetic colloids 6% HES 130/0.4 and 4% gelatin, and the crystal-
loid 0.9% NaCl when given at a fast and at a slow rate. We also
compared the PV expansion for the different fluids for each
infusion rate.

MATERIALS AND METHODS

Anesthesia and Set-Up

The study was approved by the Ethical Committee for Animal
Research at Lund University, Sweden (application no. M180-
10), and the animals were treated in accordance with the guide-
lines of the National Institutes of Health for Care and Use of
Laboratory Animals. Adult male Sprague-Dawley rats (n=112)
weighing 354+ 21 g (mean + sp) were used. Anesthesia was in-
duced by placing the animals in a covered glass container with
a continuous supply of 5% isoflurane in air (Isoba vet; Intervet,
the Netherlands). After induction, the animals were removed
from the container and anesthesia was maintained with 1.5%—
1.8% isoflurane in air using a mask, followed by tracheostomy
and connection to a ventilator (Ugo Basile; Biological Research
Apparatus, Comerio, Italy). Ventilation was performed in a
volume-controlled mode using a positive end expiratory pres-
sure of 4cm H,O. End-tidal PCO, was continuously monitored
and kept between 4.9 and 5.5 kPa (Capstar-100; CWE, Ard-
more, PA). Body temperature, measured rectally, was kept at
37.1°C-37.3°C via a feedback-controlled heating pad. The left
femoral artery was cannulated to record arterial blood pres-
sure (BP) and to obtain blood samples for analysis of arterial
blood gases, electrolytes, lactate, hematocrit (I-STAT; Abbot
Point of Care Inc, Abbot Park, IL), and PVs. The left femo-
ral vein was cannulated and used for infusions and kept open
with a continuous infusion of saline at 0.2 uL/min. The right
internal jugular vein was cannulated and used for injection of
1%I-albumin to measure PVs. After the experiments, the ani-
mals were killed with intravenous injection of potassium
chloride.

Experimental Procedure

A model of severe sepsis as described previously (19, 20) was
used in this study. After a longitudinal midline skin incision
over the abdominal wall with diathermia, a laparotomy was
performed by incision along the linea alba. The cecum was li-
gated just below the ileocecal valve, and an incision of 1cm in
length was made in the cecum, allowing leakage of fecal mate-
rial into the abdominal cavity, thereby inducing sepsis/SIRS.
The abdominal wall and the skin were then closed with clips.
There were no bleedings.
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Plasma Volume

PV was determined by measuring the increase in radioactivity
in 100 pL of plasma taken 5 mins after an intravenous injec-
tion of human "*I-albumin with a known amount of activity.
The increase in radioactivity was calculated by subtracting the
activity in a blood sample taken just before the injection from
that taken 5min after the injection. Each PV measurement was
thereby adjusted for any remaining radioactivity from previous
measurements. To calculate the amount of radioactivity given,
the remaining activity in the emptied vial, syringe, and needle
used was calculated and subtracted from the total activity in
the prepared dose. This is a reliable and established technique
for PV measurements, giving reproducible results (16, 21, 22).
As will be discussed, sources of error are small with the design
of the technique used in this study (see Discussion). Free io-
dine was measured regularly following precipitation with 10%
trichloroacetic acid and was found to be less than 1.2% in the
prepared samples. Radioactivity was measured with a gamma
counter (Wizard 1480; LKB-Wallace, Turku, Finland).

Experimental Protocol

In this study, we compared the PV-expanding effect of a fixed
volume of a PV expander when given at a slow or a fast infu-
sion rate. The PV expanders analyzed were 5% albumin (MW
69kDa; n = 12 per group), 6% HES 130/0.4 (MW 20-250kDa,
mean 130kDa; n = 10 per group), 4% gelatin (0-150kDa,
mean MW 30kDa; n = 10 per group), and 0.9% NaCl (n = 8
per group) given intravenously. The time scale of the experi-
mental procedure is shown schematically in Figure 1. The in-
fusions of 12mL/kg for the colloids and 48 mL/kg for saline
were started 3 hrs after the end of the surgical intervention.
Pilot experiments have shown that a systemic inflammation
with plasma leakage has developed at this time point, shown
by an increase in hematocrit and a marked decrease in PV. An
infusion volume of 12mL/kg was selected in this study as pre-
vious experiments have shown a PV reduction 3 hrs after sepsis
induction of 7-9 mL/kg, and to this, we then added a few mil-

Laboratory Investigation

liliters to compensate for the anesthesia-induced vasodilation,
and the blood samples taken just before start of the infusion.
A 4 times larger volume for saline was given as saline is quickly
distributed to the whole extracellular space, which is about 4
times larger than the PV,

Two groups were formed at random for each fluid. In one
group, the fluid was given over 15 mins (the “bolus” group), and
in the other group, the same volume was given over 3 hrs (the
“continuous”group). Theinvestigators were blinded to thebolus
or the continuous treatment. In a “control” group, the animals
underwent the same experimental procedure but no PV ex-
pander was given. PVs were measured at baseline (PV,), 3 hrs
after the surgical preparation (PV,), and 3 hrs after the start of
the infusion (at the end of the experiment; PV,). Blood sam-
ples for measurements of arterial pH, PaCo,, Pao,, hematocrit,
lactate, sodium, and potassium were taken at the same time
points. Urine was collected in a glass vial placed at the exter-
nal meatus of the urethra from the start of the infusion until
the end of the experiment, and the bladder was emptied by
external compression at the end of the experiment. Animals,
that did not show a decrease in PV 3 hrs after the preparation
were considered to be nonseptic and were excluded from the
study. These animals and animals that died before the end of
the experiment were replaced with new animals. PVs of blood
samples were of the same size for all groups and therefore had
no influence on the conclusions made.

To evaluate if there was a difference in BP between the bolus
and the continuous groups the nearest time after the infusion,
which could have contributed to a difference in PV between
the groups (see introductory section), the mean of mean arte-
rial BP during the 30-min period just before start of the infu-
sion were compared with that during the 30-min time period
just after start of the infusion for the different groups.

To evaluate if there was a difference in hematocrit, be-
tween the bolus and the continuous group, which could have
contributed to a difference in transcapillary leakage between
the groups affecting PV (see introductory section), a special

Start of infusion
Surglc:_l A ="Bolus" group (15 min)
preparation B ="Continuous” group (3 h)
Cannulation 5 min
Tracheostomy l
Rest I A i
10 min . B
} Sepsis develop - e e e e e e e = == -
asmin | |] 3h 3h
[ ) A )
Anesthesia PV, PY, y
ABG ABG ABG
Baseline

Figure 1. Time scale of the experimental protocol. PV, = plasma volume at baseline; PV, = plasma volume 3 hrs after surgical preparation, just before
the start of infusion; and PV, = plasma volume at the end of the experiment; and ABG = arterial blood sample for analysis of blood gases, hematocrit,

and electrolytes.
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analysis was performed in 12 separate animals (6 per group)
given albumin. In these experiments, hematocrit was measured
20, 40, and 60 mins after start of the infusion and compared
with the value just before the start of the infusion.

Our results of a faster loss of albumin in the bolus group
initiated additional experiments to evaluate how fast PV was
lost after end of the albumin bolus infusion. The results were
compared with corresponding results when given as a continu-
ous infusion (n = 6 per group). The experiments were similar
to the main experiments except that PV was measured only just
before the start of the infusion and at 1 and 1.5 hrs thereafter.

Statistical Analysis

Statistical comparisons between the groups regarding dif-
ference in PV, difference in physiological variables, and
difference in hematocrit were performed with a two-way
analysis of variance followed by Bonferroni post hoc test.
Student’s t test for unpaired observations was used to evalu-
ate the difference between groups in the change in mean
arterial pressure after start of the infusion. One-way analy-
sis of variance followed by Bonferroni post hoc test was
used for analysis of urine production. p values of less
than 0.05 were considered significant. All data were normally
distributed. The results are presented as mean + sp. GraphPad
Prism version 5.0 for Mac OS was used (GraphPad Software,
San Diego, CA).

RESULTS

Four animals died in the control group (mortality rate, 33%),
three animals died in the HES groups (13%), and one animal
died in the gelatin groups (5%) before end of the experiment.
Four animals were considered to be nonseptic and were ex-
cluded from the study, as they did not show any decrease in PV
and any increase in hematocrit and lactate concentration 3 hrs
after the preparation.

Physiological Data

Data from arterial blood samples for sodium (Na*), potassium
(K*), hematocrit, lactate, pH, PaCO,, and PaO, are summa-
rized in Table 1 for the bolus groups, the continuous groups,
and the control group. There were no differences among the
control group, the continuous groups, and the bolus groups in
any of the physiological variables analyzed at baseline and at 3
hrs after the surgical preparation.

For all solutions analyzed, there was a tendency of higher
hematocrit in the bolus groups than in the continuous groups
at the end of the experiment, but this difference did not reach
the stipulated significance level in any group. There was a sig-
nificant difference in hematocrit between the continuous and
the control group for all colloids analyzed (p < 0.05), while the
differences for the bolus groups and the control group reached
significance only for albumin (p < 0.05).

Results from the separate experiments, in which the hema-
tocrit values for the bolus and the continuous groups for
albumin were compared during a 60-min period just after
start of the infusion (at 20, 40, and 60 mins), are presented in
860
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Figure 4A (n = 6 per group). There was a significantly lower
hematocrit at 20- and 40-min period in the bolus group than
in the continuous group.

At the end of the experiment, the differences in lactate levels
among all groups were small, but they reached the stipulated
level of significance between the NaCl continuous group and
the HES bolus and continuous groups and between the gelatin
bolus group and the control group (p < 0.05).

Data for mean arterial BP at baseline, 3 hrs after the
preparation, and 1.5 and 3 hrs after the start of the infu-
sion are given in Table 2. There were no significant dif-
ferences in BP between the groups at any of these time
points. The difference between mean of mean BP during
a 30-min period after the start of the infusion with that
during a 30-min period just before the start of the infu-
sion for the bolus and the continuous groups for the solu-
tions analyzed are presented in Figure 4B. There was a sig-
nificant difference between the bolus and the continuous
groups for all fluids analyzed. This difference in mean BP
between the bolus and the continuous groups was transient
as mean BP after 1.5 hrs did not differ between the groups
(Table 2).

Plasma Volume

PV at baseline (PV), 3 hrs after the preparation (PV,), and 3 hrs
later at the end of the experiment (PV.) for the fluids analyzed and
also for the control group are shown in Figure 2. At baseline and 3
hrs after the preparation, there were no differences in PVs among
the control group, the continuous groups, and the bolus groups.
At the end of the experiment, there were significant differences
between the albumin continuous group and the albumin bolus
group (p < 0.001), between the HES continuous group and the
HES bolus group (p < 0.05), and between the gelatin continuous
group and the gelatin bolus group (p < 0.05). There was no sig-
nificant difference between the NaCl bolus and the NaCl continu-
ous group. There was a significant difference compared with the
control group for the albumin continuous group (p < 0.001), the
HES continuous group (p < 0.01), and the albumin bolus group
(p< 0.05).

A comparison of the change in PVs among the different so-
lutions analyzed from the start of infusion (PV,) to the end of
the experiment (PV,) for the continuous group and the bolus
group is shown in Figure 34 and B. The plasma expansion was
significantly better for the albumin continuous group than for
the other groups analyzed (p < 0.001). There was a significant
difference between the albumin bolus group and the gelatin
bolus group (p < 0.01) and between the albumin bolus group
and the control group (p < 0.05).

PVs in the additional experiments analyzing how fast the
PV was lost after end of the infusion after a bolus infusion of
albumin are shown in Figure 4C. As seen, PV was reduced to
the same level as in the group with continuous infusion after
slightly more than 1 hr after start of the infusion, a time point
when only 35%-40% of the continuous infusion volume had
been given.
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TABLE 1. Data (Mean * sp) for Sodium, Potassium, Hematocrit, Lactate,
pH, Paco,, and Pao,

Sodium Potassium Lactate Paco, Pao,
(mmol/L) (mmol/L) Hematocrit (%) (mmol/L) pH (kPa) (kPa)
Albumin
15min (n=192)
Baseline 135+2 47+04 43£2 20+02 752+002 46+£02 121+13
3h after preparation 132+3 50+0.5 44+1 24+0.6 745+0.04 48%£04 121%+12
3h after start of infusion 1342 56+08 46+3° 24+09 743+0.04 44£05 122%+1.3
3h(h=12)
Baseline 136+1 47+04 43+2 1.8+0.6 751+£0.02 4603 120+08
3h after preparation 1342 49+04 44£2 2.3+06 747£004 47+04 115x09
3h after start of infusion 135+1 49+0.7 44432 2.1+05 745+0.03 47+03 11.3+09
Hydroxyethyl starch
15min (n=10)
Baseline 135+2 45+05 42+2 1.9+04 750+0.03 51£03 114%1.1
3h after preparation 133+2 49+06 43+4 23+04 745£004 53+04 113+05
3h after start of infusion 134+3 54+08 48+5 2.7+£09 741+£005 48*05 11.6+09
3h(n=10)
Baseline 136+2 44+06 43+3 2.0+0.7 751+0.03 49+02 11.8+06
3h after preparation 133+3 52+0.7 44+£3 22+06 747£003 50+05 115%09
3h after start of infusion 134+2 57+1.1 45+ 42 25+09 7424003 47+06 11.4£0.7
Gelatin
15min (n=10)
Baseline 136+2 49+04 43+3 2.1+04 751+0.03 47+£04 115+06
3h after preparation 134+3 5.2+0.6 44+4 25+056 745+0.03 49%04 11.3+05
3h after start of infusion 135+2 58+1.0 47+5 25+1.0 742+0.04 46+06 11.7+09
3h(h=10)
Baseline 135+2 46+0.3 43£2 2.1+03 750+0.03 5005 115+09
3h after preparation 13312 5.1+0.7 45+2 28+03 745+0.02 49+05 115+10
3h after start of infusion 1342 56+1.0 46+3® 26+0.6 742+005 4506 11.6+09
NaCl
15min (n=28)
Baseline 134+2 49+0.4 43+2 2.0+0.4 752+0.02 49+02 121+0.7
3h after preparation 132+2 56+0.6 44+3 2.7+0.4 746+002 49+04 119%07
3h after start of infusion 136+1 58+1.0 47+6 22405 741+0.04 44+06 123%08
3h(n=28)
Baseline 135+2 49+0.3 42492 19404 750+0.02 50+£056 115+09
3h after preparation 133+£2 54+09 46+2 2.6+0.6 746+002 49+05 1156+1.0
3h after start of infusion 136+2 556+1.3 45452 18+04>  741+£004 45406 11.6+09
Control (n = 8)
Baseline 136+2 4.7+£05 4442 1.9+£0.3 749+002 53+03 11112
3h after preparation 133+2 52+0.3 45£3 25+0.4 746002 52£0.1 108%1.0
3h after start of infusion 133+1 59+0.4 51+4 2.6+0.6 745+0.02 46+03 120%1.1

2p < 0.05 compared with the control group.

5p < 0.05 compared with the control group, the 3-h and 15-min HES groups, and the 15-min gelatin group; Two-way analysis of variance with Bonferroni post
hoc test were used for the statistical analysis.
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TABLE 2. Data (Mean * sp) for Mean Arterial Blood Pressure (mm Hg) at Baseline, 3hr
After the Surgical Preparation, 1.5 hr After the Start of Infusion, and 3 hr After the
Start of Infusion With 5% Albumin, 6% Hydroxyethyl Starch 130/0.4, 6% Gelatin, 0.9%

NaCl, and the Control Group

3 h After Surgical

1.5 h After Start of
Infusion

3 h After Start
of Infusion

Baseline Preparation

Albumin

15min (n=12) 9748 90+ 11

3h(n=12) 100+ 11 8818
Hydroxyethyl starch

15min (n=10) 104+ 11 90+ 14

3h(n=10) 107+£10 94110
Gelatin

15 min (n=10) 95+18 97+10

3h(n=10) 101214 102112
NaCl

15min (n=8) 102+ 11 95+16

3h(n=28) 100+9 97+15
Control (n=18) 101+£14 95+10

95+ 11 95+12
96+8 103+8
96+13 97+15
101+12 99+18
98+ 11 99+ 14
108+£9 109+8
95+ 16 103+18
106+ 12 108+17
97+13 98+12

Urine Production

Urine production from the start of the infusion to the end
of the experiment was 5.9+ 1.3mL/kg in the albumin con-
tinuous group, 6.3+0.9mL/kg in the albumin bolus group,
3.2£0.9mL/kg in the HES continuous group, 3.8+ 1.2mL/
kg in the HES bolus group, 3.2+0.9mL/kg in the gelatin con-
tinuous group, 3.3+1.2mL/kg in the gelatin bolus group,
4.0+0.6mL/kg in the NaCl continuous group, 4.9+2.2mL/
kg in the NaCl bolus group, and 2.6 + 1.4 mL/kg in the control
group. There was significantly more urine production in the
albumin groups and the bolus NaCl group than in the control
group (p < 0.05).

DISCUSSION

This study has shown that the degree of PV expansion of a
fixed volume of a colloid solution measured 3 hrs after start
of the infusion is larger when it is given at a slow infusion rate
than if it is given at a fast rate. However, this difference was
greater for albumin than for HES and gelatin, and albumin
was the most effective PV expander. For NaCl, there was no
significant difference in PV-expanding effect at the end of the
experiment for the bolus group and the continuous group.
The NaCl groups did not differ significantly from the con-
trol group, even though NaCl was given in a 4 times larger
volume than the colloid solutions. The differences in PV at
the end of the experiment were reflected in the difference in
hematocrit values for all colloids, in the sense that there were
lower hematocrit values in all the continuous groups than in
the control group.
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The dilution technique using '*I-albumin as tracer is well
established for the calculation of PV in experimental and clini-
cal studies with reproducible results in both normal and in-
flammatory states (21, 22). As has been discussed previously
(21, 23), this technique, however, means some overestimation
of the PV. Free iodine in the tracer injected can result in some
overestimation, as free iodine is distributed quickly to the
whole extracellular space, but the free iodine was small in this
study (< 1.2 %) and therefore must have had minor influence
on the results. There might have been overestimation of PV
because of transcapillary escape of radioactive albumin during
the 5-min period between injection of the tracer and collec-
tion of the blood sample and especially at states of increased
permeability (21, 23). This means a larger overestimation of
the PV after initiation of sepsis than at baseline. This overesti-
mation, however, must be small in this study by the short time
period of 5min between the injection of '*I-albumin and the
measurement, a time period shorter than the 10-15min used
in the referred studies (21, 23). A time period of 5min has pre-
viously been shown to be sufficient for complete mixture of
the tracer in plasma both in cat and in human (14, 21). Finally,
remaining radioactivity of the syringe, the vial, and the needle
used was subtracted from the initially calculated radioactivity
and therefore will not contribute to an overestimation of the
PVs. All this taken together means, that the expected overes-
timation of the PV measurements with the design of the dilu-
tion technique used in this study is small. Independent of this,
remaining errors will have no influence on the conclusions
made, as they will be of the same magnitude for all groups.

March 2013 + Volume 41 ¢« Number 3



Laboratory Investigation

5% albumin 6% HES 130/0.4
459 A5
> ok > .
é 404 é 40+
o PV, sk 5
£ 359 £ 354
= 3
[=] *
% 30- PV, . S a0
: :
25+ @ 254
g > PV, T
20 T T T 20 T T T
5° »® " 5° »® N
& o
Q' ‘b
y —+ 3h
Time Time
- 15min
—e— Control
4% gelatin 0.9% NaCl
45+ 45+
(=] j= e
< 04 * S 40
£ E
£ 359 g 35
S 3
° ]
8 304 - > 304
© 4]
: :
E 25+ o 251
o o
20 T T T 20 T T T
g')\& n;(\ (O“(\ ge,\.\oe: n;(\ b\\
Q;? F
Time Time

Figure 2. Plasma volumes (PVs) at baseline (F’V‘), 3 hrs after the preparation just before the start of infusion (F’Vz), and at the end of the experiment
(PV,) given as a continuous (3-hr) infusion or as a bolus (15-min) infusion of 5% albumin (n = 12 per group), 6% hydroxyethyl starch 130/0.4 (n= 10
per group), 4% gelatin (n = 10 per group), or 0.9% NaCl (n = 8 per group). Corresponding data for the control group (n = 8) are also shown. There was
a significant difference between PV, and PV, for all groups and a significant difference between the continuous group and the bolus group for all solu-
tions except 0.9% NaCl. There was a significant difference between the albumin bolus group and the control group. Two-way analysis of variance with

Bonferroni post hoc test was used for the statistical analyses. ("o < 0.05, *p < 0.01, **p < 0.001).

The better PV-expanding effect with a slow infusion rate
than with a fast infusion rate is compatible with the two-
pore theory of transcapillary fluid exchange. As suggested in
the introductory section, a bolus infusion would be expected
to cause a transient increase in capillary pressure from the
transient increase in systemic arterial pressure and decrease
in precapillary resistance and decrease in hematocrit, all of
which can be expected to lead to an increase in transcapil-
lary fluid loss (8). Our results of a significantly larger in-
crease in mean arterial pressure and decrease in hematocrit
in the bolus groups during the first time period after start
of the infusion are compatible with these proposals (Fig. 44
and B). It is unlikely that the release of ANP and BNP after a
bolus infusion, as discussed in the introductory section, would
have influenced the results through an increase in urine pro-
duction, as urine production was very small in these experi-
ments in relation to the volumes infused. However, we cannot
exclude the possibility that the permeability-increasing effect
of ANP and BNP resulted in PV loss (5).

Critical Care Medicine

Tentative explanations can be given regarding the bad plas-
ma expansion, and the smaller differences in PVs between the
continuous and the bolus groups for HES and gelatin com-
pared with albumin. HES is degraded by amylase resulting in
halving of the molecular weight within 20-30 min (24). The
initial half-life of plasma elimination of HES 130/0.4 is thought
to be approximately 30—45 mins after infusion in man (24).
Degradation of the HES molecules causes an increase in leak-
age of the smaller degradation products to the extravascular
space: The degradation rate can be expected to be even faster
in the rat than in man because of a higher plasma concentra-
tion of amylase in the rat (25), most likely resulting in exten-
sive degradation within the 3-hr study period. This might be
one explanation of the poor PV-expanding effect of HES, and
the fact that the bolus group did not even differ significantly
from that of the control group. Thus, the results for HES in this
study cannot be directly extrapolated to humans.

Gelatin has a relatively low mean MW of 30kDa. Being a
polydisperse colloid, a large part of the molecules are small
863
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enough to pass not only through the large pores but also
through the small pores. This, and the fact that there is degra-
dation of the molecules, means that there may be a relatively
fast and continuous transcapillary leakage of gelatin during the
3-hr period after the start of the infusion, especially when there
is an increase in capillary permeability. This fact might explain
the poor PV-expanding effect of gelatin in this study.

The lack of any difference in PV expansion between the bo-
lus and the continuous groups for 0.9% NaCl is to be expected,
since the capillaries are freely permeable to crystalloids with
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Figure 3. Comparison of the different solutions analyzed regarding
change in plasma volume (PV) from the start of infusion (PV,) to the end
of the experiment (PV,) for the continuous (3-hr) groups (A) and the
bolus (15-min) groups (B). There was a significant difference between
the albumin continuous group and the other groups, between the albumin
bolus group and the gelatin bolus group, and between the albumin bolus
group and the control group. Two-way analysis of variance with Bonferroni
post hoc test was used for the statistical analyses. ("p < 0.05, *p < 0.01,
“p<0.001).
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a fast distribution of the solution to the whole extracellular
space. One would expect, however, that the plasma-expanding
effect of 0.9% NaCl would be better than that of HES and
gelatin, considering that about 25% of the infused volume of
48 mL/kg should stay intravascularly and that the urine pro-
duction was small.

Unexpectedly, the PV expansion for 0.9% NaCl did not even
differ significantly from that of the control group, and we can

55
A * * —e— Continuous
-+ Bolus
50
9
T 45
T
40
3 T T T T T
,,03\\& & D@o D(-Q\Q @(@o
& L& v T
B
~ 30
>
I
£
o 2
<
=
S
8 1
[ =4
5
=
e %
HS S S IS
& & =Y S
S E F ¢ S
c 4
2
3 40 !
[ -e— Continuous
g 3
E -+ Bolus
3
[}
> 30
©
&
& 2
o
20 T T T T T 1
0 3 6
Time, h

Figure 4. A, Hematocrit at baseline; just before start of the infusion; and
20, 40, and 60 min after start of the infusion for the bolus group and for
the continuous group for albumin The analysis was performed in a sepa-
rate series of animals (n =6 per group). Two-way analysis of variance with
Bonferroni post hoc test was used for the statistical analyses ("p < 0.05).
B, Mean of mean arterial blood pressure (MAP) during a 30-min period
just after start of the infusion subtracted with that 30 min just before start
of the infusion for the bolus and the continuous groups for the different
solutions analyzed. Student's t test for unpaired observations was used for
the statistical analyses (*p < 0.05, *p < 0.01, and **p < 0.001). C, Plasma
volume (PV) 3 hrs after initiation of sepsis just before start of the infusion
and 1 and 1.5 hrs after start of the infusion for the bolus group and the
continuous group. The analysis was performed in a separate series of
animals after end of the main study (n = 6 per group).
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only speculate about possible explanations. When giving a crys-
talloid solution, under normal circumstances approximately 75%
of the infused volume is distributed quickly to the interstitial
space. With sepsis, when plasma has already been lost to the ex-
travascular space, the ratio between the PV and the interstitial
volume is reduced. This means that relatively more of the infused
volume would be distributed to the interstitial space. While the
infused saline is passing the large pores of the capillary membrane,
there may also be a subsequent loss of proteins via convection (26).
The large volumes of saline will transiently dilute plasma pro-
teins, resulting in a reduction in transcapillary oncotic pressure,
which will increase fluid transfer to the extravascular space and
also reduce the absorbing forces across the capillary membrane
(27). Finally, the 4 times higher infusion rate for saline than for
the colloids results in a transient increase in hydrostatic cap-
illary pressure. All these mechanisms may lead to increased
leakage of fluid through the capillary pores, and increased leak-
age of proteins by convection through the large pores, especial-
ly under a state of increased number of large pores, such as in
sepsis/SIRS.

The capacity of a colloid to maintain a normal PV is essential
foritseffectiveness. However, the relatively fast degradation rates
of HES and gelatin can be compensated for by repeated infu-
sions, while the low degradation rate of albumin compared with
synthetic colloids may be negative because albumin will linger
in the interstitium for a longer time.

As seen from Figure 4C, the PV loss after end of the bolus
infusion of albumin was rather fast, reaching the same PV as
that obtained when the infusion was given continuously after
slightly more than 1hr. This result supports the hypothesis
presented in the introductory section that the PV loss can be
related to hemodynamic effects of the bolus infusion, such as
the transient decrease in hematocrit (Fig. 4A), the transient
increase in arterial pressure (Fig. 4B) and the precapillary va-
sodilation.

We cannot tell from this study for how long time the slow
rate of albumin infusion is favorable after it has been complet-
ed. However, if assuming about the same leakage of albumin
after end of the infusion as occurring after initiation of sepsis
(the same TER), the low rate of albumin infusion will be favor-
able during the subsequent 2-3 hrs after end of the infusion. If
50, the continuous infusion will be favorable up to 5-6 hrs after
start of the infusion, while the bolus infusion is more favorable
than the continuous infusion only up to 1-1.5 hrs after start of
the infusion (Fig. 2 and 4C).

As seen from Table 1, the direction of the changes in he-
matocrit follows the pattern expected from the articulated hy-
pothesis as presented in the introductory section, in the sense
that the continuous groups generally have lower hematocrit
values than the bolus groups.

For the colloid groups and the control group, the lactate
concentrations follow the expected pattern in relation to the
PVs, which means that the lowest concentrations at the end of
the experiment were seen for the group with the highest PV,
that is, the continuous group of albumin. For 0.9% NaCl, the
lactate concentrations were lower at the end of the experiment
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than in the colloid groups, despite the fact that the PVs were
low and did not even differ from the control group. It is most
likely that this does not mean that there was less lactate produc-
tion in the 0.9% NaCl groups but rather that lactate was diluted
in a larger interstitial volume in these groups because of the
larger (4 times) volumes infused.

As the differences in urinary production were small between
the continuous and the bolus groups, it is unlikely that the urine
production influenced the difference in PV. The highest produc-
tion of urine was seen in the albumin groups, which also had the
largest PVs—most likely due to a lesser degree of hypovolemia in
these groups.

Our finding of a generally better PV-expanding effect with
5% albumin than with the other solutions tested is in agree-
ment with previous studies on rat and cat (16, 22).

The fact that there was a higher mortality rate before the
end of the experiment in the control group compared with the
other groups, supports the idea that fluid infusion is of impor-
tance for outcome in sepsis/SIRS.

Even though this study with its strict protocol has few
clear limitations, one limitation is that the experiments
were performed on the rat and therefore cannot be directly
transferred to man. Especially, the results with HES suffer
from limitations as HES is degraded by amylase, the con-
centrations of which are higher in rat than in man. Further,
there may be some variations in the degree of sepsis and
thus in degree of increase in microvascular permeability
among animals, even if the surgical technique to induce sep-
sis was carefully standardized. An equal distribution of the
intensity of sepsis in the groups is therefore of importance as
plasma clearance for colloids is dependent on permeability.

In summary, this study in the septic rat showed that the
plasma expansion of 5% albumin, 6% HES 130/0.4, and 4%
gelatin was larger 3 hrs after the start of infusion when given
with a slow infusion rate than when given with a fast infu-
sion rate. This difference was more pronounced with albumin
than with the other colloids. Given in equal volumes, the PV-
expanding effect 3 hrs after start of the infusion was better for
5% albumin than for 6% HES and 4% gelatin. The plasma-
expanding effect of 0.9% NaCl was not affected by the infusion
rate, and 0.9% NaCl was not more effective than any of the
colloids, even though it was given in a 4 times larger volume.
If these results can be transferred to clinical practice, the total
volume needed of colloids to maintain normovolemia in pa-
tients with sepsis/SIRS would be significantly reduced if given
at a slow instead of a fast infusion rate.
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Volume in Sepsis*
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of the most important factors in managing critically

ill patients. In patients with sepsis, intensivists and in-
vestigators are generally interested in the type of colloids and
crystalloids, as well as the total volume of fluids required to
overcome hypovolemia. However, they may have been over-
looking the infusion rate of administered fluids, since it is be-
lieved that hypovolemia should be treated as early as possible
to improve survival (1). In this issue of Critical Care Medicine,
Bark et al (2) from Lund University Hospital in Sweden report
their experiment highlighting the importance of the infusion
rate of different types of fluids for maintaining normal plasma
volume in septic rats. A fixed volume of different types of col-
loids and a crystalloid including 5% albumin, 6% hydroxyethyl
starch 130/0.4, 4% gelatin, and 0.9% NaCl was administered
via fast or slow infusion. In the fast-infusion group, fluids were
administered over 15 mins, while in the slow-infusion group,
fluids were administered over 3 hrs. Measurement of plasma
volume was carefully performed at 3 hrs after the start of vol-
ume resuscitation using human iodine-125 (**I) albumin, even
though this volume marker is known to overestimate plasma
volume in critical illness associated with increased capillary
protein leakage (3). Although the interval between the end of
fluid administration and measurement was apparently differ-
ent between the two infusion groups, the authors demonstrate
the negligible effect of the interval by additional experiments
(Fig. 4C). The results show that plasma volume expansion by
a colloid is greater when infused slowly, an effect more pro-
nounced with albumin. The authors also speculate the mecha-
nism mediating the increased transcapillary fluid loss due to
the fast infusion of colloids in the presence of increased per-
meability. A transient increase in arterial pressure and hemo
dilution would have a significant impact on transcapillary flu-
id loss, but this mechanism was not observed in the absence of
increased permeability (4). In a clinical setting, Wills et al (5)
showed that the effect of fast infusion of hydroxyethyl starch
or dextran is obvious only during the first 2 hrs in children
with dengue shock syndrome characterized by severe vascular

( :orrection of hypovolemia is fundamental, but it is one

*See also p. 857.
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volume; sepsis
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leakage as judged by changes in hematocrit. Considering the
results of the experimental study by Bark et al (2) as well as
human studies indicating that a lower net fluid balance is as-
sociated with fewer days of ventilator use and fewer days in the
ICU (6, 7), a slow rather than a fast infusion of colloids, partic-
ularly albumin, would have the potential to improve survival,
even though evidence that colloids provide better survival is
lacking (8).

Bark et al (2) gave three-fold more 0.9% NaCl than colloids
to achieve a similar effect on plasma volume expansion but
resultant expansion was poor regardless of the infusion rate
because crystalloids were rapidly distributed from the intra-
vascular to the interstitial fluid compartment (9). In a clini-
cal setting, a three- to four-fold higher volume of crystalloids
than colloids is generally required during fluid resuscitation
to achieve similar plasma volume expansion. However, the
reported administered fluid volume ratio (crystalloids to col-
loids) was only 1.1-1.4 over the first 4 days in patients with
severe sepsis (10). Presumably, the effects of plasma volume ex-
pansion by crystalloids remain unchanged for a longer period,
even though a large volume of crystalloids is required in the
early phase of fluid resuscitation. The result of the experimen-
tal study by Bark et al (2) wherein similar poor plasma volume
expansion by 0.9% NaCl was observed, regardless of the infu-
sion rate, also suggests such pathophysiology, even though a
volume kinetic study suggests a favorable effect of slow rather
than fast infusion of crystalloid (11).

Slow infusion of colloids, especially albumin, may have
not only hemodynamic benefits, but also cost-effectiveness.
However, further clinical studies are required to determine
whether such hemodynamic benefits are sustainable and
sufficient for improving survival, even though Bark et al (2)
speculated that the hemodynamic benefit after starting infusion
of colloids can be maintained for 5-6 hrs with slow infusion,
compared only 1-1.5 hrs with fast infusion. Furthermore, it
remains unclear whether currently available clinical markers
or other variables can be used to monitor the adequacy of a
slow-infusion rate of fluids during fluid volume resuscitation,
since the magnitude of sepsis-induced hypovolemia and
hemodynamic states varies considerably. On the other hand,
the hemodynamic state in the present controlled experimental
study did not severely deteriorate according to arterial blood
lactate levels. Several concerns should be addressed before
clinical application with a slow-infusion regimen. Nevertheless,
the concept of slow infusion provides an important message
that should resonate with intensivists. It is time to take into
account not only fluid type, but also the infusion rate for fluid
resuscitation in patients with sepsis.
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Infusion rate and plasma volume expansion of dextran
and albumin in the septic guinea pig
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Background: Intravenous fluid treatment of hypovolaemia in
states of increased capillary permeability, e.g. sepsis, is often
accompanied by adverse oedema formation. A challenge is
therefore to achieve and maintain normovolaemia using as little
plasma volume substitution as possible to minimise interstitial
oedema. In the present study, we evaluated the importance of
infusion rate for the plasma volume expanding effects of 6%
dextran 70 and 5% human albumin in a guinea pig sepsis model.
Methods: In this prospective, randomised study, 50 anaesthe-
tised adult male Dunkin-Hartley guinea pigs were used. After
laparotomy, sepsis was induced by caecal ligation and incision.
Three hours later, an infusion (12 ml/kg) of one of the studied
fluids was given either over 15 min (bolus group) or over 3 h
(continuous group). A sham group underwent the same surgical
procedure but did not receive any fluid.

Results: At the end of the experiment 3 h after the start of
infusion, plasma volumes in the continuous group and the bolus
group, respectively, were: 47.2+5.3 ml/kg and 36.5+3.9 ml/kg
(P<0.001) for 6% dextran 70, and 47.3+7.5ml/kg and
39.7 2.8 ml/kg (P <0.01) for 5% albumin. Plasma volume for
the sham group at the same time point was 29.9 + 3.3 ml/kg.
Conclusions: The study performed on a guinea pig sepsis
model showed that the plasma volume expanding effects of
fixed volumes of 6% dextran 70 and 5% albumin were greater
when given at a slow than at a fast infusion rate.
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LAasMA fluid and proteins are continuously lost

from the intravascular space to the interstitium
through the capillary membrane. In the normal state
in humans, the transcapillary escape rate (TER.) of
albumin to the interstitium is 5-7% of the total
plasma pool per hour." Interstitial fluid and proteins
are returned to the circulation via the lymphatic
system.”

In sepsis and other states of systemic inflamma-
tion, permeability of the capillary membranes is
increased, with a subsequent increase in plasma loss
to the interstitial space.** When it exceeds the capac-
ity of the lymphatic system, plasma leakage will
result in accumulation of interstitial fluid and
intravascular hypovolaemia. This may cause altered
Starling fluid equilibrium, tissue oedema, and com-
promised tissue perfusion.” Furthermore, as a result
of systemic inflammation, interstitial pressure may
be reduced, resulting in additional loss of plasma to
the interstitium.>®

Setting: All experiments were carried out in a university hospital
laboratory

To prevent further damage — or even death - by
hypoperfusion of the tissues and organs, restoration
of normovolaemia using plasma volume (PV) sub-
stitutes, crystalloids or colloids, is a central part in
the treatment of patients with increased capillary
permeability. Colloid solutions, which consist of
macromolecules, are of benefit in the normal state, as
they remain in the intravascular space, at least ini-
tially.” However, in a state of increased capillary per-
meability, the infused colloids would be expected to
leak to a greater extent through the capillary mem-
brane, being less effective and further aggravating
oedema.? Thus, an important challenge in patients
with increased capillary permeability would there-
fore be to achieve and maintain normovolaemia
with as little PV substitution as possible, by mini-
mising transcapillary leakage and adverse oedema
formation.

The two-pore theory of vascular fluid exchange
postulates that plasma fluid passes through two
types of pores in the capillary membrane: the small
pores, which are permeable only to small solutes
and water, and the more than 10,000 times less
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abundant large pores, which are also permeable to
proteins.” According to this theory, the increased
capillary permeability under inflammatory condi-
tions, such as sepsis or systemic inflammatory
response syndrome (SIRS), is mainly the result of an
increased number of large pores. As the large pores
are freely permeable to proteins and other macro-
molecules, the differences in oncotic pressure on
either side of the pores must be small, so that the
major force determining the flow through the large
pore would be differences in transcapillary hydro-
static pressure.”'’ This may explain results from pre-
vious studies that an increase in arterial blood
pressure can result in an increased loss of albumin
from the intravascular space and a decrease in
PV.""B If PV substitution — crystalloid or colloid —
was to be given quickly, the transient increase in
capillary hydrostatic pressure would be greater,
causing a greater leakage of fluid resulting in a less
effective treatment and aggravation of potentially
harmful oedema. Furthermore, in an inflammatory
state with increased numbers of large pores, rela-
tively more fluid would pass through the large
pores, resulting in an increased loss of macromol-
ecules via convection.

Fast infusion of a PV substitute would also result
in a greater increase in ventricular filling pressures,
which might cause release of atrial natriuretic
peptide (ANP) and brain natriuretic peptide (BNP),
resulting in further increase in capillary permeabil-
ity and urine production.'"

Based on these considerations, we recently per-
formed a study in rats comparing the PV expanding
effect of a fixed volume of 5% albumin, 6%
hydroxyethyl starch (HES) 130/0.4, 4% gelatin, and
0.9% NaCl during sepsis, when given at either a
slow infusion rate (over 3 h) or a fast infusion rate
(over 15 min)." The results from that study showed
that the plasma expansion for the colloid solutions
was larger 3 h after the start of infusion when given
at a slow infusion rate than when given at a fast rate,
but with great difference between the colloids
studied. As rats are allergic to dextran,"” dextran 70
was not included.

The synthetic colloid dextran 70 is mainly used in
Scandinavia. It has been shown to have good PV
expanding properties, in some studies even superior
to that of all other colloids studied, in states of
normal capillary permeability’®" and in states of
increased capillary permeability.”*' Based on recent
studies, the use of HES is no longer recommended
in sepsis,” which has reduced the synthetic colloid
treatment alternatives in the critically ill patients to a
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minimum. This could mean an increased interest in
the use of dextran. To test the hypothesis that a fixed
volume of 6% dextran 70 would have a greater PV
expanding effect when given as a continuous infu-
sion, than when given as a bolus infusion, by
analogy with our previous study, we therefore per-
formed this experiment in the guinea pig, which
tolerates dextran. To better compare the results from
the present study with those from our previous
study on the rat, we also used 5% albumin as a
reference.

Materials and methods

Anaesthesia and set-up

The study was approved by the Ethical Committee
on Animal Experiments, Lund, Sweden (application
nos. M180-10 and M309-12), and the animals were
treated in accordance with the guidelines of the
National Institutes of Health for Care and Use of
Laboratory Animals. Fifty adult male Dunkin-
Hartley guinea pigs weighing 378 £49 g [mean *
standard deviation (SD)] were used. Anaesthesia
was induced by placing the animals in a covered
glass container with a continuous supply of 5%
isoflurane in air (Forene® 100%; Abbot Scandinavia
AB, Solna, Sweden). After induction, anaesthesia
was maintained using a mask with 1.5-1.8%
isoflurane in air, while tracheostomy was per-
formed. Then the animals were connected to a ven-
tilator (Ugo Basile; Biological Research Apparatus,
Comerio, Italy), and ventilated in a volume-
controlled mode with a positive end expiratory pres-
sure of 4 cmH0. End-tidal PCO, was continuously
monitored (Capstar-100; CWE, Ardmore, PA, USA).
Rectally measured body temperature was kept at
37.1-37.3°C via a feedback-controlled heating pad.
The left common carotid artery was cannulated to
continuously record arterial blood pressure and to
obtain blood samples for analysis of arterial blood
gases, electrolytes, lactate, haematocrit (I-STAT;
Abbot Point of Care Inc., Abbot Park, IL, USA), and
PVs. The left internal jugular vein was cannulated
and used for infusions, and kept open with a con-
tinuous infusion of saline at 0.2 ul/min. The right
internal jugular vein was cannulated and used for
injection of '®I-albumin for PV measurements. After
the experiments, the animals were killed with an
intravenous injection of potassium chloride.

Experimental procedure
We used a model of severe sepsis in the guinea pig
that had been described previously in the rat'®®
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Fig. 1. Time scale of the experiment. PV, = plasma volume at baseline. PV, = plasma volume 3 h after surgical preparation, just before the
start of infusion. PV3 = plasma volume at the end of the experiment. ABG =arterial blood sample for analysis of blood gases, haematocrit,

lactate, and electrolytes.

After making a longitudinal midline skin incision
with diathermia in the abdominal wall, laparotomy
was performed by incision along the linea alba. The
caecum was ligated just below the ileo-caecal valve
and an incision of 1 cm in length was made in the
caecum, allowing leakage of faecal material into the
abdominal cavity, thereby inducing sepsis/SIRS.
The abdominal wall and the skin were then closed
with clips. There was no bleeding.

PV

PV was measured with a well-established technique
with small sources of error (see Discussion),
which has been shown previously to give reliable
and reproducible results.’*'¢?'* As previously
described,'® PV was determined by measuring the
radioactivity in 100 pl of plasma taken 5 min after an
intravenous 0.5 ml injection of human '*I-albumin
with a known amount of activity. The increase in
radioactivity was then calculated by subtracting the
activity in a blood sample taken just before the injec-
tion from that taken 5min after the injection,
thereby adjusting for any remaining radioactivity
from previous measurements. To calculate the
amount of radioactivity given, the remaining activ-
ity in the used and emptied vial, syringe, and needle
was measured and subtracted from the total activity
in the prepared dose. Free iodine was measured
continuously following precipitation with 10%
trichloroacetic acid, and it was found tobe 1.5 + 0.6%
in the prepared samples. Radioactivity was meas-
ured with a gamma counter (Wizard 1480; LKB-
Wallac, Turku, Finland).

Experimental protocol

In this study, we compared the PV-expanding effect
of a fixed volume of a PV expander when given at
a slow infusion rate (over 3 h) or a fast infusion rate
(over 15min). The PV expanders analysed were
6% dextran 70 (Macrodex®, 60 mg/ml; MEDA AB,
Solna, Sweden; mean MW 70 kDa) (n =20) and 5%
human albumin (Albumin Baxter, 50 g/1; Baxter
Medical AB, Kista, Sweden; MW 69 kDa) (1 = 20).
All fluids were given intravenously. The time scale
of the experimental procedure is shown in Fig. 1.
Three hours after the end of the surgical procedure,
infusion of the fluid under study was started
(12 ml/kg). A previous study on the rat using this
sepsis model showed that a systemic inflammation
has developed by this time point, marked by a
significant decrease in PV. The infused volume
used in this study (12 ml/kg) was chosen because
that was the volume used in our previous study.’®
As described previously,'® this volume was selected
as previous experiments have shown a PV reduc-
tion 3h after sepsis induction of 7-9 ml/kg, and
to this, we then added a few millilitre to compen-
sate for the anaesthesia-induced vasodilation and
the blood samples taken just before start of the
infusion.

For each fluid, the animals were randomised into
two groups. In one group, the fluid was given as a
slow infusion over 3 h (the continuous groups), and
in the other group, the same volume was given as a
fast infusion over 15 min (the bolus groups). The
investigators were blind regarding fast or slow
treatment. In a sham group (n=10), the animals
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underwent the same surgical procedure but no PV
expander was given. PV was measured at baseline
(PV1), 3 h after the surgical preparation (PV), and
3h after the start of infusion (at the end of the
experiment) (PV3). Blood samples for measurement
of arterial pH, PaCO,, PaO,, haematocrit, lactate,
sodium, and potassium were taken at the same time
points. PV lost by the blood samples was of the same
size for all groups. Urine was collected in a glass vial
placed at the external meatus of the urethra from the
start of the infusion until the end of the experiment,
when the bladder was emptied by external compres-
sion. Animals that did not show a decrease in PV 3 h
after the preparation were considered to be non-
septic and were excluded from the study. These
animals and animals that died before the end of the
experiment were replaced with new animals.

Statistical analysis

Statistical comparisons between the groups regard-
ing differences in PV, differences in physiological
parameters, and differences in haematocrit were
performed with a two-way analysis of variance for
repeated measures followed by the Bonferroni post-
hoc test. Student’s t-test for unpaired observations
was used for analyses of differences in mean of
mean arterial blood pressure, urine production, and
changes in PV. Probability values less than 0.05 were
considered significant. To achieve a statistical power
of 90% with a difference in PV of 6 ml/kg between
the bolus and continuous groups, the calculated
sample size for each group was 9.3. All data were
normally distributed. The results are presented as
mean = SD. We used GraphPad Prism software
version 5.0c for Mac OS (GraphPad Software, San
Diego, CA, USA).

Results

One animal from the dextran groups died, seven
animals from the albumin groups died, and six
animals from the sham group died before the end of
the experiment. Eight animals were considered to be
non-septic and were excluded from the study, as
they did not show a decrease in PV 3 h after the
preparation.

Physiological data
Sodium (Na*), potassium (K*), haematocrit (Hct),
lactate (Lac), pH, PaCO,, and PaO, data from arterial
blood samples are summarised in Table 1.

At the end of the experiment, there was a signifi-
cantly lower haematocrit in all groups that received
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fluids than in the sham group (P < 0.05). There was
also a significantly lower haematocrit in the dextran
continuous group than in the dextran bolus group
(P<0.05), while the difference in haematocrit
between the albumin continuous and bolus groups
did not reach the stipulated level of significance.
Potassium concentrations were higher at the end of
the experiment in all groups compared with base-
line. Lactate was significantly lower in the albumin
groups and in the continuous dextran group than in
the sham group at the end of the experiment
(P<0.01). There was also a significantly lower
lactate in the dextran continuous group than in the
dextran bolus group at the same time point
(P <0.05).

The remaining physiological parameters showed
great individual variations, both within and bet-
ween groups, and no specific conclusions could be
drawn from the data obtained (Table 1).

The difference between mean of mean arterial
blood pressure (MAP) during a 30-min period after
the start of the infusion and the mean of MAP
during a 30-min period just before the start of the
infusion for the bolus and continuous groups for
both solutions analysed are presented in Fig. 4.
There was a significantly higher MAP in the bolus
group than in the continuous groups for both fluids
analysed (P < 0.05). There were no significant differ-
ences in MAP at the end of the experiments between
the continuous and bolus groups in neither the
albumin or the dextran group.

PV

PV values at baseline (PV,), 3 h after the preparation
(PV3), and 3 h later at the end of the experiment
(PV3) for the treatment groups and for the sham
group are shown in Fig.2. PV, was significantly
lower than PV, in all groups (P < 0.01). PV values at
the end of the experiment (PV;) were 472+
5.3 ml/kg and 36.5+3.9 ml/kg (P <0.001) for 6%
dextran 70 and 47.3%75ml/kg and 39.7+
2.8 ml/kg (P <0.01) for 5% albumin in the continu-
ous groups and bolus groups, respectively. PV for
the sham group at the end of the experiment was
29.9 +3.3 ml/kg.

The differences between PV; and PV, for all
groups are shown in Fig. 3. There was a significant
difference between the continuous group and the
bolus group for both fluids analysed (P <0.01).
There was significant difference between the
dextran groups and the continuous albumin group,
and the sham group (P < 0.05).



Table 1

Infusion rate of plasma expanders

Physiological parameters. Data (mean + SD) for sodium (Na‘*), potassium (K'), haematocrite (Hct), lactate (Lac), pH, arterial partial
pressure of carbon dioxide (PaCO,), arterial partial pressure of oxygen (Pa0O5).

Na*, mmol/l K*, mmol/l Hct, % Lac, mmol/l pH Paco,, kPa Pao,, kPa
6% dextran 70
15 min (n=10)
Baseline 134 +1 47+05 42+2 1.9+04 7.39+0.03 48+0.3 89+19
3 h after prep 134 £1 6.4+£0.9 47+3 44+15 7.34+0.10 48+0.8 10.5+1.1
3 h after start of inf 13212 8.4+0.6 41+3* 8.6+3.3 7.27 £0.08 3.9+0.8 11.9+£1.0
3h (n=10)
Baseline 135+2 45+0.6 42+2 22+07 7.40+0.07 49+0.5 9.0+15
3 h after prep 134 +2 56+0.7 44 +2 35+1.6 7.43+0.09 47+0.6 99+1.2
3 h after start of inf 135+2 70+1.2 37+3%t 5.8+1.81,§ 7.39+0.08 44+06 11.2+13
5% albumin
15 min (n=10)
Baseline 135£3 44+0.6 40+3 22+0.7 7.36 £0.08 46+0.3 12.1+0.9
3 h after prep 135+2 6.1+1.4 41+9 46+20 7.37+0.10 37+05 13.4+0.7
3 h after start of inf 134+3 75+15 41 + 4% 6.3+2.1§ 7.32+0.11 3.3+0.4 13.9+0.8
3h (n=10)
Baseline 13512 48+0.7 40+3 22+07 7.34£0.07 5.3+£0.6 11.6+£1.2
3 h after prep 134+3 6.4+t1.4 45+ 4 54+39 7.36 £0.19 3.7+£0.6 128+1.8
3 h after start of inf 134+2 7.7+£1.0 39 +4§ 5.7+1.4§ 7.39 £0.06 3.8+0.4 129+1.3
Sham (n=10)
Baseline 135+2 48+0.8 42+3 1.9+0.6 7.38+0.06 53+0.8 104 +£1.7
3 h after prep 135+2 58+0.8 46+4 32+1.4 7.41+0.09 41+04 12.0+15
3 h after start of inf 13114 8.0t1.4 47+3 9.2+43 7.25+0.15 3.2+0.6 135+1.6

*P < 0.001 compared with the sham group.

1P < 0.05 compared with the dextran bolus group (15 min).
1P < 0.05 compared with the sham group.

§P < 0.01 compared with the sham group.

inf, infusion; prep, preparation.

Urine production

Urine production from the start of infusion to the
end of the experiment were very low (less than
0.5ml/kg/3 h) for all groups, and there were no
significant differences between the groups.

Discussion

This study in guinea pigs showed that the PV-
expanding effects of a fixed volume of 6% dextran 70
and 5% human albumin were greater when the fluid
was given at a slow infusion rate than at a fast one. PV
for all treatment groups differed significantly from
that of the sham group at the end of the experiment,
regardless of infusion rate.

Compared with the sham group, the lower haema-
tocrit at the end of the experiment for all treatment
groups was in accordance with the greater PV.

The "I-dilution technique for measurement of
PV is a well-established and reliable technique.
There might have been overestimation of PV
because of transcapillary escape of radioactive
albumin during the 5-min period between injection
of the tracer and collection of the blood sample.
However, as described in detail previously,'¢*'?

potential sources of error with this method are
small, and as they would have been of the same
magnitude in all groups, they would have little or
no influence on the conclusions made.

That there was a larger PV-expanding effect of the
fluids analysed when given at a slow infusion rate
rather than a fast one is in accordance with the
results from our previous study in rats.'

Possible explanations for our results of a better
PV-expanding effect with a slow infusion are given
in detail in our previous publication.’® Briefly, as
shown in both this study and our previous study, a
bolus infusion causes a transient increase in systemic
arterial pressure (Fig. 4) and a subsequent transient
increase in capillary pressure.'? Furthermore, inhibi-
tion of the baroreceptor reflex will reduce the
precapillary resistance, also resulting in an increase
in capillary pressure.”® As a fast infusion causes a
transient dilution of red blood cells, seen from a
decrease in haematocrit in the bolus groups during
the first time period after the start of infusion,'® expo-
sure of the extended plasma column between two
erythrocytes to the pores in the capillary membrane
will increase. All of the above can be expected to lead
to an increase in transcapillary fluid loss.
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Fig. 2. Plasma volumes. PV at baseline (PV1), 3 h after the prepa-
ration and just before the start of infusion (PV,), and at the end of
the experiment (PV). The animals were given a continuous (3 h)
infusion or a bolus (15 min) infusion of 6% dextran 70 (n =10 per
group) and 5% albumin (n =10 per group). Corresponding data
for the sham group (n =10) are also shown. There was a significant
difference between PV and PV, in all groups. There was a signifi-
cant difference in PV between the continuous group and the bolus
group for both solutions, and between all treated groups and the
sham group. Two-way analysis of variance for repeated measures
followed by Bonferroni post hoc-test was used for the statistical
analyses. (**P <0.01; **P <0.001).

A larger increase in blood pressure may also
result in an increased release of ANP and BNP.
However, this did not influence the results through
an increase in urine production, as urine production
was very low in these experiments relative to the
volumes infused. We cannot, however, exclude the
possibility that the permeability-increasing effect of
ANP and BNP contributed to the loss of PV.>1*%

The lower lactate in the dextran continuous group
and the albumin groups is in agreement with the
larger PV at the end of the experiments, which may
be interpreted as improved microcirculation. We
cannot explain why this agreement was not seen for
the dextran bolus group. The infused fluids contain
no potassium, and therefore, the higher potassium
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Fig. 3. Change in plasma volume. Comparison of change in
plasma volume from the start of infusion (PV>) to the end of the
experiment (PV3) for the continuous (3 h) groups and the bolus
(15 min) groups. There was a significant difference between the
continuous (3 h) groups and the bolus (15 min) groups for both
fluids analysed. There was also significant difference between both
dextran groups and the continuous albumin group, and the sham
group (P <0.05). Student’s t-test for unpaired observations was
used for the statistical analyses (**P <0.01; ***P < 0.001).

concentrations at the end of the experiments in all
groups are probably caused by sepsis/SIRS-induced
cell destruction.

In the present study, the mortality rate was much
greater than in our previous study on the rat'®
except for the dextran group. It appears that guinea
pigs are more sensitive to the caecal ligation and
incision procedure than the rat, resulting in a more
aggressive systemic response. We cannot tell
whether the lower mortality rate in the dextran
group was a beneficial effect of dextran, or if the
higher mortality rate in the albumin group was
caused by negative effects of albumin. We cannot
exclude that the use of human albumin might cause
negative immunological reactions in guinea pigs.

One limitation in the present study is that the
experiments were performed on the guinea pig and
therefore cannot be directly transferred to man.
Further, there may be some variations in the degree
of sepsis and thus in degree of increase in
microvascular permeability between animals, even
if the surgical technique to induce sepsis was care-
fully standardised. Also, this study is performed in a
standardised animal model of the early stage of
severe sepsis, which does not reflect the case mix
and variability of sepsis in clinical practice.
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Fig. 4. Difference in blood pressure. Mean of mean arterial blood
pressure (MAP) during a 30-min period just after the start of
infusion subtracted with that 30 min just before the start of infu-
sion for the continuous (3 h) and the bolus (15 min) groups for the
2 solutions analysed. There was a significantly higher MAP in the
bolus group than in the continuous groups for both fluids analysed.
Student’s t-test for unpaired observations was used for the statis-
tical analyses (*P < 0.05).

In conclusion, the present study in a guinea pig
sepsis model showed that the PV-expanding effect of
6% dextran 70 is greater 3 h after the start of infusion
when given with a slow infusion rate than when
given with a fast infusion rate. It also confirms our
previous results in a rat sepsis model that the
PV-expanding effect of a fixed volume of 5% albumin
is greater when given with a slow infusion rate.
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ABSTRACT—Objective: The objective of this study was to determine the degree of plasma volume expansion by 0.9%
NaCl in relation to the infused volume, in sepsis/systemic inflammatory response syndrome (SIRS), after a standardized
hemorrhage, and in a normal condition. Design: Prospective, randomized animal study. Setting: The study was performed
at a university hospital laboratory. Subjects: Thirty anesthetized adult male rats were included in the study. Interventions:
The study was performed in three groups: a sepsis/SIRS group (the S group), in which sepsis/SIRS was induced by cecal
ligation and incision; a hemorrhage group (the H group), in which the rats were left without intervention for 4 h and bled
8 mL/kg thereafter; and a group that was left without intervention (the N group). Then, 4 h after baseline, all three groups
were given an infusion of 0.9% NaCl (32 mL/kg) for 15 min. Baseline was defined as the time point when the surgical
preparation was finished. Measurements and Main Results: Plasma volumes were measured using '2®l-albumin dilution
technique at baseline, after 4 h, and 20 min after the end of infusion. The plasma volume-expanding effect 20 min after end
of infusion was 0.6% + 2.9% in the S group, 20% * 6.4% in the H group, and 12% + 11% in the N group, compared with just
before start of infusion. Conclusions: The present study in rats showed that the plasma volume-expanding effect after an
infusion of 0.9% NaCl was smaller in a septic/SIRS state than after hemorrhage and in a normal state. This indicates that
the plasma volume-expanding effect of a crystalloid is dependent on pathophysiologic changes in sepsis/SIRS.

KEYWORDS—Plasma volume expander, plasma volume, crystalloid, hypovolemia, hypervolemia, sepsis, SIRS, normovolemia,

hemorrhage

INTRODUCTION

As the capillary membrane is freely permeable to a crystalloid
solution, the plasma volume (PV)—expanding effect is tradition-
ally believed to be determined by the ratio between the volume
of plasma and the total extracellular volume of the body, a ratio
thought to be in the range 20% to 25% (1-3). Substitution of a
reduced PV with crystalloids would therefore require a four to
five times larger volume infused than the PV expansion needed
to achieve normovolemia (2, 4-6). The use of crystalloids will
therefore mean accumulation of interstitial fluid (7, 8). Whether
the PV-expanding effect of a crystalloid is affected by patho-
physiologic changes in systemic inflammation (i.e., microvas-
cular permeability) is still unclear (9).

A recent study from our group on the septic rat did not sup-
port the hypothesis that 20% to 25% of the infused crystalloid is
distributed intravascularly in the inflammatory state, as the PV-
expanding effect of 0.9% NaCl (48 mL/kg) was insignificant 3 h
after the infusion (10). The results could not be explained by an
increase in urinary production. The poor PV-expanding effect
may partly be explained by a lower PV and a larger interstitial
volume in sepsis/systemic inflammatory response syndrome
(SIRS), because of increased transcapillary leakage of plasma,
meaning that the ratio between PV and extracellular volume is
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smaller than that in the normal condition. However, it is un-
reasonable to believe that this mechanism alone would explain
the unexpectedly poor PV-expanding effect of the infusion. It
may be that other pathophysiologic changes in sepsis/SIRS also
influence the PV-expanding effect for a crystalloid. The im-
portance of the pathophysiologic changes in systemic inflam-
mation for the loss of PV during the infusion of 0.9% NaCl
could be investigated by comparing the PV expansion during a
sepsis/SIRS condition with that after an acute hemorrhage,
which is characterized by hypovolemia with preserved micro-
vascular permeability. The rather long period of 3 h from start
of infusion up to evaluation of PV, used in the previous study,
may have contributed to the poor result. Therefore, to evaluate
the initial PV-expanding effect of 0.9% NaCl, PV should be
analyzed as soon as it has been fully distributed to the whole
extracellular space.

Based on these considerations, we investigated the hypothesis
that the degree of PV expansion of an infusion of a fixed volume
of 0.9% NaCl 20 min after end of the infusion would be de-
pendent on pathophysiologic changes in sepsis/SIRS. We also
investigated the PV-expanding effect in normal permeability
from both a hypovolemic and a normovolemic state. The analyses
were performed during sepsis/SIRS, at normal permeability
after a standardized hemorrhage, and at normal permeability
under normovolemia.

MATERIALS AND METHODS

Anesthesia and setup

The study was approved by the Ethical Committee for Animal Research,
Lund University, Sweden (application M180-10), and the animals were treated in
accordance with the guidelines of the National Institutes of Health for Care and
Use of Laboratory Animals. Adult male Sprague-Dawley rats (n = 30) weighing

Copyright © 2013 by the Shock Society. Unauthorized reproduction of this article is prohibited.



60 SHOCK Vou. 40, No. 1

356 + 16 g (mean + SD) were used. The animals were anesthetized in a covered
glass container with a continuous supply of 5% isoflurane in air (Forene® 100%;
Abbot Scandinavia Ab, Solna, Sweden). After induction of anesthesia, they were
removed from the container, and anesthesia was maintained with 1.5% to 1.8%
isoflurane in air, first using a mask until tracheostomy was completed. Ventilation
was performed in a volume-controlled mode by a ventilator (Ugo Basile; Bio-
logical Research Apparatus, Comerio, Italy) using a positive end-expiratory
pressure of 4 cmH,O. End-tidal Pco, was monitored continuously and kept be-
tween 4.9 and 5.5 kPa (Capstar-100; CWE, Ardmore, Pa). Body temperature was
measured rectally and kept at 37.1°C to 37.3°C via a feedback-controlled heating
pad. The left femoral artery was cannulated to record arterial blood pressure
and to obtain blood samples for analysis of arterial blood gases, electrolytes,
lactate, hematocrit (Het) (I-STAT; Abbot Point of Care Inc, Abbot Park, III),
and PVs. The left femoral vein was cannulated and used for infusions and
kept open with a continuous infusion of saline at 0.2 puL/min. The right internal
jugular vein was cannulated and used for injection of '*I-albumin to measure
PVs. After the experiments, the animals were killed by intravenous injection
of potassium chloride.

Experimental procedure

We used a well-established sepsis/SIRS model in the rat (10-12). A lon-
gitudinal midline skin incision over the abdominal wall was performed with
diathermia, followed by laparotomy by incision along the linea alba. The cecum
was ligated just below the ileocecal valve, and an incision of 1 cm was made to
extrude fecal material into the abdominal cavity, thereby inducing sepsis/SIRS.
The abdominal wall and the skin were then closed with clips. There was no
accidental bleeding during and after the surgical procedure.

Plasma volume

Plasma volume was measured with a well-established technique, which has
been shown previously to give reliable and reproducible results (10, 13-16).
Plasma volume was determined by measuring the radioactivity in 100 pL of
plasma taken 5 min after an intravenous injection of human '*I-albumin (0.5 mL)
with a known amount of activity. The increase in radioactivity was calculated
by subtracting the activity in a blood sample taken just before the injection from
that taken 5 min after the injection, thereby allowing adjustment for any
remaining radioactivity from previous measurements. To calculate the amount
of radioactivity given, the remaining activity in the emptied vial, syringe, and
needle used was measured and subtracted from the total activity in the prepared
dose. As will be discussed, sources of error are small with the design of the
technique used (see Discussion). Free iodine was measured regularly following
precipitation with 10% trichloroacetic acid, and it was found to be 1.5% + 0.6%
in the prepared samples. Radioactivity was measured with a gamma counter
(Wizard 1480; LKB-Wallace, Turku, Finland).

BARK ET AL.

Protocol

The study involved three different study groups: a septic group (the S group,
n = 10), a hemorrhage group (the H group, n = 10), and a normovolemic group
(the N group, n = 10). The time scale for each group is shown in Figure 1. Plasma
volume was measured at baseline (PV) in all groups (just after anesthesia and
surgical preparation).

Four hours after induction of sepsis in the S group (i.e., 4 h after the end of
the surgical procedure), a time period previously shown to be sufficient for
systemic inflammation and plasma leakage to develop (10), a second PV
measurement was performed (PV,) followed by a 15-min infusion of 0.9%
NaCl (32 mL/kg, Natriumklorid; Fresenius Kabi, 9 mg/mL). After another
20 min, a length of time that would allow total distribution of the infused
NaCl to the whole extracellular volume (14, 17), we performed a final PV
measurement (PV3).

In the H group, the rats were left undisturbed for 4 h, and then a second
PV measurement (PV,) was performed. Then the rats were bled (8 mL/kg) via
the femoral artery cannula (bleeding time <2 min). Immediately after bleeding,
a 15-min infusion of 0.9% NaCl (32 mL/kg) was given. After another 20 min,
we performed the final PV measurement (PV3).

In the N group, the rats were left undisturbed for 4 h, and then a second
PV measurement (PV,) was performed. Then a 15-min infusion of 0.9% NaCl
(32 mL/kg) was given to the normovolemic rats. After another 20 min, the final
PV measurement was performed (PV3).

The infused volume of 0.9% NaCl was chosen, as our previous study (10)
showed that the PV loss in this rat model after 3 h was about 6 mL/kg, which,
extrapolated to 4 h, would be around 8 mL/kg. To substitute this plasma loss,
a four times larger volume of 0.9% NaCl (32 mL/kg) was chosen (2, 4-6).
Accordingly, the animals in the H group were bled 8 mL/kg.

Blood samples for measurement of arterial pH, Paco,, Pao,, Hct, lactate,
sodium, and potassium were taken just before measurement of the PV (Fig. 1).
Urine was collected in a glass vial placed at the external meatus of the urethra
throughout the whole experiment, and the bladder was emptied by external com-
pression at the end of the experiment.

In Results, changes in PV caused by the taking of blood samples for PV
measurements and blood gases, and by the infused volume of 'Zsl-albumin, have
been taken into account. To illustrate the PV-expanding effect in relation to the
given volume, the difference between PV; and PV, was divided by the infused
volume of 0.9% NaCl (32 mL/kg).

Statistical analysis

Statistical comparisons between the groups regarding urine production and
PV-expanding effect of the infusion (Fig. 3) were performed with 2-tailed Stu-
dent ¢ test for unpaired observations. Analyses of differences in physiological

Infusion
0.9% NaCl
32 mL/kg
Cannulation 15 min
Tracheostomy
Distribusion
Rest time
Anesthesia 10 min 20 min
| 45 min | h |
Pv, PV, PV,
ABG ABG ABG
Baseline
Surgical
preparation
S group ‘
, Sepsis de:
N group
H group
Bleeding 8 mL/kg

Fic. 1. Time scale of the experimental protocol for the sepsis group (S group), the normovolemic group (N group), and the hemorrhage group
(H group). PV;, PV at baseline; PV,, PV 4 h after surgical preparation, just before the start of infusion; PVg, PV at the end of the experiment; ABG, arterial blood

sample for analysis of blood gases, Hct, and electrolytes.
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TasLe 1. Physiological data

Na*, mmol/L K*, mmol/L Hct, % Lac, mmol/L pH Paco,, kPa Pao,, kPa

S group (n = 10)
Baseline 136 + 2 48+0.4 42 +2 25+0.3 7.49 + 0.03 48+04 113+15
4h 133 £ 2* 6.2+05" 50 + 3" 24+03 7.44 +0.02% 45+ 04 10.8+ 0.9
20 min After infusion 135+ 2* 6.1+0.7" 48 + 4* 1.9+0.7 7.42 +0.03% 46+0.8 10.9+ 0.6

H group (n = 10)
Baseline 136 + 1 47+0.3 43+2 21+05 7.52 +0.03 47+04 11.6+0.8
4h 136 + 1 49+05 43+2 20+04 7.49 £ 0.02 44+04 11.6+1.0
20 min After infusion 138 £ 2 48+05 3543 1.5+0.5 7.47 £ 0.02 42:02 11.8+1.2

N group (n = 10)
Baseline 136 + 2 48+0.3 43+2 23+0.6 7.50 + 0.05 49+0.3 11.0+1.0
4h 136 + 2 49+0.5 42+ 3 1.9+ 04 7.48 + 0.03 4.7+05 10.9+1.0
20 min After infusion 138+2 45+0.5 39+4 1.5+06 7.44 +0.02 46+0.3 11.0+0.9

Data (mean + SD) for sodium (Na*), potassium (K*), Het, lactate (Lac), pH, Paco,, and Pao,.

*P < 0.001 compared with the H and N groups at the same time point.
tP<0.01 compared with the H and N groups at the same time point.
*#P < 0.05 compared with H and N groups at the same time point.
SP < 0.05 compared with the H group at the same time point.

'P < 0.05 compared with the N group at the same time point.

parameters (Tables 1 and 2) and differences in PVs (Fig. 2) were performed with
a 2-way analysis of variance for repeated measures followed by Bonferroni post
hoc test. P < 0.05 was considered significant. All the data were normally dis-
tributed. The results are presented as mean + SD. GraphPad Prism software
version 5.0c for Mac OS was used (GraphPad Software, San Diego, Calif).

RESULTS

Physiological data

Data for pH, Pao,, Paco,, lactate (Lac), sodium (Na*), po-
tassium (K*), and Hct—derived from arterial blood samples
taken at baseline, after 4 h, and at the end of the experiment—
are summarized in Table 1.

There were no significant differences in any of the parameters
analyzed at baseline. Pao,, Paco,, and lactate were not signifi-
cantly different between groups at any time point. pH was lower
in the S group than in the N and H groups at 4 h (P < 0.05) and
lower in the S group than in the H group at the end of the
experiment (P < 0.05). Sodium was lower in the S group than in
the N and H groups at 4 h and at the end of the experiment
(P < 0.01). Potassium was higher in the S group than in the
N and H groups at 4 h and at the end of the experiment
(P <0.001). Hematocrit was higher in the S group than in the
N and H groups at 4 h and at the end of the experiment
(P <0.001). The H group had lower Hct than the N group at
the end of the experiment (P < 0.01).

TasLE 2. Blood pressure

4 h After 20 min After
Baseline surgical prep infusion
S group (n = 10) 97 + 22 90 £ 12 97 £ 15
N group (n = 10) 83+ 19 82+ 10 96 + 12
H group (n = 10) 84 +17 83+ 15 78 + 25*

Data (mean + SD) for mean arterial blood pressure (in mmHg) at base-
line, 4 h after the surgical preparation, and 20 min after the infusion.
*P < 0.05 compared with the N and S groups at the same time point.

Data for mean arterial blood pressure at baseline, just before
the start of infusion 4 h later, and at the end of the experiment
are given in Table 2. There were no differences in mean arterial
blood pressure between groups at baseline and at 4 h. After
the infusion, there was significantly lower blood pressure in the
H group than in the S and N groups (P < 0.05).

Plasma volume

Plasma volume at baseline (PV,), after 4 h (PV,), and at the
end of the experiment 35 min later (PV3) is shown in Figure 2.
There were no significant differences between groups at base-
line. Plasma volume in the S group was lower than that in the
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Fic. 2. Plasma volumes for the sepsis group (S group), the
normovolemic group (N group), and the hemorrhage group (H group) at
baseline, after 4 h, and at end of the experiment. There were significant
differences between the S group and the N group, and between the S group
and the H group at 4 h and at 20 min after the infusion (P < 0.001). Data are
mean + SD. Two-way analysis of variance for repeated measures with
Bonferroni post hoc test was used for the statistical analyses (***P < 0.001).
Note that the animals in the H group have been bled 8 mlL/kg after the PV
measurement at 4 h, explaining the illusory small plasma volume expanding
effect in the H group 20 min after infusion.
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Fic. 3. Increase in PV in relation to the infused volume for the sepsis
group (S group), the normovolemic group (N group), and the hemor-
rhage group (H group). There were significant differences between the S
group and the N group, and the S group and the H group. Data are mean +
SD. Two-tailed Student t test for unpaired observations was used for the
statistical analyses (**P < 0.01, ***P < 0.001).

Increase in PV in relation
to infused volume (%)

N and H groups after 4 h (PV,) and at the end of the experi-
ment (PV3). There was no significant difference in PV between
the N and H groups for PV, PV,, and PV;. In the H group, PV,
was measured before hemorrhage.

The increases in PV in relation to the infused volume of
0.9% NaCl (32 mL/kg) were 0.6% + 2.9% in the S group, 20% +
6.4% in the H group, and 12% + 11% in the N group (Fig. 3).
There was a significant difference between the S and H groups
(P <0.001) and between the S and N groups (P <0.01), whereas
the difference between the H and N groups did not reach the
stipulated significance level (P = 0.061).

Urine production

Urine production during the whole experiment was 4.6 +
1.0 mL/kg in the S group, 4.7 + 1.4 mL/kg in the H group, and
5.9 + 2.1 mL/kg in the N group. There were no significant dif-
ferences in urine production between the groups.

DISCUSSION

The purpose of the present study was to evaluate the initial
PV-expanding effect of 0.9% NaCl in normal and in increased
microvascular permeability. The analyses were performed dur-
ing sepsis/SIRS, after hemorrhage, and from a normovolemic
condition. The study showed that 20 min after the end of infu-
sion, the PV-expanding effect of 0.9% NaCl (32 mL/kg) was
0.6% of the infused volume in sepsis/SIRS, 20% of the infused
volume after hemorrhage, and 12% of the infused volume under
normovolemia. The changes in PVs for the three groups were
reflected in corresponding changes in Hct, in the sense that
there were higher Het values in the S group than in the N and H
groups at 4 h after baseline and at the end of the experiment.
However, the lower Hct in the H group than in the N group at
the end of the experiment does not correlate to any difference
in PV but reflects the loss of red blood cells after hemorrhage.

125_albumin dilution is a well-established technique for cal-
culation of PV, but has some potential limitations. Free iodine in
the tracer injected is distributed to the whole extracellular space

BARK ET AL.

and will result in overestimation of the calculated PV, which
however, must have had only a minor influence on the results of
this study, as the proportion of free iodine was small (1.5% +
0.6%). There might also have been overestimation of PV be-
cause of transcapillary escape of radioactive albumin during the
5-min period between injection of the tracer and collection of the
blood sample, especially in the S group with increased perme-
ability (10, 13, 18). This overestimation would have been small,
considering the short period (5 min) between the injection of
125L-albumin and measurement. Five minutes have previously
been shown to be sufficient for complete mixing of the tracer
in plasma (13, 14). Remaining radioactivity in the syringe, the
vial, and the needle used was subtracted from the radioactivity
initially calculated and did not contribute to any error in the PV
measurement.

The results from the present study of a small PV-expanding
effect of 0.9% NaCl in the S group are in agreement with a
previous study from our group (10), in which we analyzed the
PV-expanding effect 3 h after the start of infusion, when 0.9%
NaCl (48 mL/kg) was given at a fast or slow infusion rate. In
that study, irrespective of infusion rate, the PVs did not even
differ from the control group that was not given any infusion of
fluid. In the present study, the PV-expanding effect was ana-
lyzed 20 min after the end of infusion, as this period of time has
been shown previously to be sufficient for completion of the
distribution of the infused volume to the whole of the extracel-
lular space (14, 17). Given the traditional view that crystalloids
are evenly distributed in the whole of the extracellular volume,
irrespective of capillary permeability, one might expect that
20% to 25% of the infused volume should stay intravascularly.
Our results of a PV-expanding effect of only about 1% of the
given volume during sepsis/SIRS largely differ from this tradi-
tional view. Below, we have tried to give reasonable physio-
logical explanations for these results.

The ratio between PV and extracellular volume is smaller
in sepsis/SIRS than under normal conditions, which may con-
tribute to the small PV-expanding effect of 0.9% NaCl in the
present study.

According to the 2-pore theory of transcapillary fluid ex-
change, the capillary membrane contains small pores that are
permeable only to water and small solutes, and the much less
abundant large pores, which are also permeable to proteins (19).
Proteins are normally lost to the interstitial space through the
large pores, mainly by convection. This means that the part of
a crystalloid infusion that passes through the large pores will
increase the loss of proteins when the infused fluid is distributed
from the intravascular space to the interstitial space (20, 21).
The loss of proteins by this mechanism will be aggravated in
sepsis, because the number of large pores is increased (22), and
a relatively greater proportion of the volume infused will pass
through the large pores.

An increased loss of proteins to the interstitium through the
large pores during sepsis means a reduction in the oncotic
transcapillary gradient, resulting in a decrease in the normal
absorbing oncotic force (23). The dilution of plasma proteins
caused by the crystalloid infusion will also reduce the trans-
capillary oncotic gradient, further increasing the loss of plasma
fluid to the interstitium.
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Transcapillary leakage also depends on the hydrostatic pres-
sure. As previously shown (10), a high rate of infusion of 0.9%
NaCl would result in a transient increase in arterial and hydro-
static capillary pressure, which would lead to a transient in-
crease in the loss of plasma fluid to the interstitium (15, 23-25).
Also, in sepsis, the interstitial pressure may be reduced as a
result of the systemic inflammation, which would further in-
crease the PV loss (26).

Each of the mechanisms presented above will lead to in-
creased loss of PV to the interstitium, and all of them together
could contribute to the small PV expansion in the S group.

The lower pH in the S group at 4 h and at the end of the
experiment is to be expected in a sepsis/SIRS situation. The
higher potassium concentrations observed in the S group at 4 h
and at the end of the experiment are compatible with a lower
pH (Table 1) and sepsis/SIRS-induced cell destruction. The
decrease in sodium concentration in the S group during the first
4 h (Table 1) may be secondary to the increase in potassium
concentration to maintain electroneutrality.

It is reasonable to believe that microvascular permeability is
normal after an acute hemorrhage, and especially in this exper-
iment, in which the hemorrhage was relatively small and the
time of hypovolemia short (3—5 min). In contrast to the S group,
the PV expansion of 20% of the infused volume of 0.9% NaCl
in the H group was closer to the traditional view of the PV-
expanding effect of a crystalloid (1-6).

The normal compensatory reabsorption of interstitial fluid
after hemorrhage may contribute to the calculated PV expansion
of the crystalloid (27). However, the absorbed volumes must be
small, as the time from start of hemorrhage until the infusion of
0.9% NaCl has substituted the bled volume (8 mL/kg) is less
than 5 min.

Even though there was a normalized PV in the H group,
mean arterial blood pressure was lower in this group at the end
of the experiment than in the N and S groups (Table 2). This
can be explained by the lower blood volume caused by the loss
of red blood cells during the hemorrhage and by the lower
blood viscosity.

In the N group, the PV-expanding effect was 12% of the
infused volume, which was lower than that in the H group
(P = 0.061). This difference occurred despite the fact that mi-
crovascular permeability was normal in both groups. As the
infusion in the N group was given from a normovolemic state,
it created a hypervolemic situation. The induced hypervolemia
should result in an increase in hydrostatic capillary pressure and
reduced transcapillary oncotic gradient, resulting in increased
transcapillary leakage of fluid to the interstitium (28). Another
mechanism could be hypervolemia-induced release of atrial
natriuretic peptide and brain natriuretic peptide, resulting in an
increased production of urine and an increase in microvascular
permeability with subsequent transcapillary leakage of plasma
fluid (29, 30).

In the present study, a strict protocol was used to reduce
limitations. There may have been some variations in the degree
of sepsis between the animals in the S group, even though the
surgical technique to induce sepsis was carefully standardized.
Also, the experiments were performed on the rat, and the re-
sults cannot be directly transferred to man. Furthermore, the
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vasodilatory effect of isoflurane might have contributed to an
increase in transcapillary leakage in all groups, an effect possibly
more pronounced in the S group because of higher capillary
permeability. It has also been suggested that isoflurane may
contribute to edema formation and tissue damage in sepsis/SIRS,
which may have aggravated the PV loss in the S group (31).

In summary, the present study in the rat showed that the PV-
expanding effect 20 min after the end of an infusion of
0.9% NaCl differed significantly between sepsis/SIRS and the
normal state, and after a short period of hemorrhagic hypo-
volemia. The PV-expanding effect after hemorrhage was 20%,
whereas it was lower (12%) when given to rats in a normal state.
The much smaller PV expansion in sepsis/SIRS shows that
the PV-expanding effect of a crystalloid is highly dependent on
pathophysiologic changes in systemic inflammation. The pres-
ent study indicates that the use of crystalloids as PV expanders
in systemic inflammatory conditions may be much less effective
than previously believed.
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