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Abstract

Background: Even though crystalloids are the first choice for fluid resuscitation in
hemodynamically unstable patients, their potency as plasma volume expanders in
hypovolemia of different etiologies is largely unknown. The objective of the study
was to investigate dose-response curves of a crystalloid in hypovolemia induced by
either sepsis or hemorrhagic shock.

Results: Rats were randomized to resuscitation with Ringers acetate at a dose
10, 30, 50, 75, or 100 ml/kg at 4 h after induction of sepsis by cecal ligation
and puncture (CLP) or 2.5 h after a 30 ml/kg hemorrhage. Plasma volume
("*?l-albumin) was the primary outcome. Plasma volume decreased by about
11.8 (IQR 9.9-14.5) ml/kg relative baseline after CLP and increased dose-
dependently by at most 5.8 (IQR 3.3-7.0) ml/kg in the 100 ml/kg group at

15 min after resuscitation. In the hemorrhage group, the plasma volume
increased by at most 13.8 (IQR 7.1-15.0) ml/kg in 100 ml/kg group. Blood
volumes at baseline, calculated using hematocrit and plasma volumes, were 72.4
(IQR 68.2-79.5) ml/kg in sepsis group and 71.1 (IQR 69.1-74.7) ml/kg in hemorrhage
group. At 15 min after resuscitation with a dose of 100 ml/kg blood volumes increased
to 54.8 (IQR 52.5-57.7) ml/kg and ; 49.6 (IQR 45.3-56.4) ml/kg, in the sepsis and
hemorrhage groups, respectively. Plasma volume expansion as the percentage of dose
at 15 min was 5.9 (IOR 2.5-8.8)% and 14.5 (IQR 12.1-20.0)% in the sepsis and
hemorrhage groups, respectively. At 60 min, average plasma volume as the percentage
of dose had decreased to 2.9 (IQR ([-2.9] — 8.3)% (P = 0.006) in the sepsis group
whereas no change was detected in the hemorrhage group. A dose-dependent
decrease in the plasma oncotic pressure, which was more marked in sepsis, was
detected at 60 min after resuscitation.

Conclusions: We conclude that the efficacy of Ringers acetate as a plasma volume
expander is context dependent and that plasma volume expansion is lower than
previously realized across a wide range of doses. Ringers acetate decreases plasma
oncotic pressure in sepsis, in part, by mechanisms other than dilution.

Keywords: Plasma volume, Crystalloid, Dose-response, Inflammation, Sepsis,
Hemorrhage
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Background

Despite the fact that clinical guidelines recommend crystalloids for the initial
fluid resuscitation in hemodynamically unstable patients with suspected hypovol-
emia, very little is known about the efficacy of crystalloids as plasma volume
expanders at different doses [1, 2]. Crystalloids distribute primarily in the extra-
cellular space and following equilibration only 20-25% is thought to remain in
the circulation [3]. Data supporting this distribution is mainly based on experi-
ments performed in models of an acute hemorrhage and on postoperative
patients using only one volume (dose) of crystalloid [4-7]. In these settings,
homeostatic mechanisms acting to replace the lost fluid are likely to contribute
to the increase in plasma volume after resuscitation [5, 8]. This is in contrast to
sepsis and other inflammatory conditions in which the disruption of homeostatic
mechanisms striving to maintain normovolemia most likely contributes to hypo-
volemia [9-12]. Based on this, it could be hypothesized that crystalloids are less
potent as plasma volume expanders during inflammatory conditions. Results
showing that only 1-9% of a crystalloid remain intravascularly immediately after
resuscitation in experimental sepsis [13, 14] or in postoperative cardiac surgery
patients, align with this hypothesis [15]. These results raise the following
questions: Can normovolemia be achieved with a crystalloid-based resuscitation
strategy in severe inflammation? Is the efficacy of crystalloids as plasma volume
expanders context dependent, i.e. different in inflammatory conditions of different
origin?

The present study was designed to investigate the dose—response relationship of a
crystalloid in inflammatory conditions of different etiology. For this purpose, we evalu-
ated the effect of resuscitation with an isosmotic Ringers acetate solution in different
doses on the plasma volume in rat models of abdominal sepsis or hemorrhagic shock.

Methods

Animals

The study was approved by the Lund University Ethical Committee for Animal
Research (M309-12) and animals were treated under the guidelines of the National
Institutes of Health for Care and Use of Laboratory Animals. A total of 127 adult male
Sprague—Dawley rats weighing 351 + 21 g were used in the study.

Anesthesia and preparation

Anesthesia was induced by inhalation of 5% isoflurane. After a tracheostomy, the
animals were connected to a ventilator and ventilated with humidified air with a
tidal volume of 10 ml/kg and a positive end-expiratory pressure of 3—4 c¢cm H,O.
The core temperature was kept at 37.1-37.3 °C using a heating pad. The left fem-
oral artery was cannulated for the measurement of mean arterial blood pressure
(MAP) and pulse pressure (PP), and to obtain blood samples for measurement of
blood gases, sodium, lactate and hematocrit (I-STAT, Abbot Park, IllI). PP variation
(PPV)(%) during a ventilatory cycle was used as measure of fluid responsiveness
and calculated as; [PPmax-PPmin/(PPmax + PPmin/2)]*100 and is expressed as the
mean value for 5 consecutive ventilator cycles [16]. The right jugular and the left
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femoral veins were cannulated for injections and fluid administration. Following
the start of a continuous 0.5 pg/kg/min fentanyl infusion, isoflurane concentration
was lowered to 1.1-1.3%. Urine was collected in a vial placed at the external me-
atus of the urethra and the bladder was emptied by external compression after
completion of preparation and at the end of the experiment. After completion of

the protocol, the animals were killed with an intravenous injection of potassium
chloride.

Measurement of plasma volume

The plasma volume (PV) was estimated by a calculation of the volume of distribution
for '*°I-labeled human serum albumin (HSA) at 5 min following an injection of a
known dose as described previously [17]. The volume of **’I-HSA (0.5 ml) was not in-
cluded in the resuscitation volume. The amount of free **°I in the administered dose
was measured after precipitation with 10% trichloroacetic acid and centrifugation and
was found to be <2.6% in all experiments. Samples were counted in a gamma counter
and blood volumes were estimated by dividing plasma volumes by 1-Hct.

Experimental protocol

The study consisted of 2 main groups: a sepsis group and a hemorrhage group. Following
the preparation and the induction of sepsis or a hemorrhage as described in detail below,
animals were randomized with regard to the dose of resuscitation fluid.

Sepsis model

Following baseline measurements (see Fig. 1), animals were subjected to a cecal ligation
and puncture (CLP) procedure as described previously [14]. Four hours after the CLP
procedure, plasma volume was measured again and the change in plasma volume was
calculated. Animals with a plasma volume loss =5 ml/kg were included in the study

Sepsis model:

preperation rest CLI Observation period resuscitation rest observation

| 40 min |1O min|1o min| 240 min | 30 min | 15 min| 60 min |
PV1 PV2 PV3 PV4
ABG ABG ABG ABG
VBG VBG VBG VBG
PPV PPV PPV PPV

Hemorrhage model:

preperation rest  bleeding Observation period resuscitation rest observation

| 40 min |1o min| 30 min | 150 min | 30 min | 15 min| 60 min |
PV1 PV2 PV3 PV4
ABG ABG ABG ABG
VBG VBG VBG VBG
PPV PPV PPV PPV

Fig. 1 Schematic diagram of the experimental protocol in the hemorrhage and sepsis models. ABG (arterial
blood gas), CLP (cecal ligation and puncture), PPV (pulse pressure variation), PV (plasma volume), VBG
(venous blood gas)
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and were randomized to treatment with either 0 ml/kg, 10 ml/kg, 30 ml/kg, 50 ml/kg,
75 ml/kg or 100 ml/kg of isosmotic Ringers acetate solution over a 30-min period
(Plasmalyte®, Baxter). The plasma volume was measured again at 15 min and at 60 min
after the completion of the fluid resuscitation.

Hemorrhage model

After baseline measurements (see Fig. 1), animals were bled 30 ml/kg over 30 min via
the cannulated femoral artery. At 2.5 h after the hemorrhage, the plasma volume was
measured again and the change in plasma volume was calculated. The volume of bleed-
ing and the duration of unresuscitated shock was chosen on the basis of a previous
study demonstrating a shock induced inflammatory response during these condition
[18]. Animals were then randomized to receive resuscitation with isosmotic Ringers
acetate (Plasmalyte®, Baxter) at a dose of 0, 10, 30, 50, 75, or 100 ml/kg over a 30 min
period. The plasma volume was measured at 15 and 60 min after completion of the
fluid resuscitation.

Plasma oncotic pressures and tissue water content

Oncotic pressure was measured using an osmometer with a 10-kDa cutoff membrane
(Osmomat 050; Gonotec, Berlin, Germany) by an investigator blinded to the treatment
status. To investigate the distribution of the resuscitation fluid, water content in the
skin and subcutaneous tissue (from the abdominal wall), muscle (from the abdominal
rectus muscle), lung, heart, liver, intestine and kidneys was measured. Tissue water
content was also measured in two control groups of animals exposed to the CLP
(n = 4) or the hemorrhage (n = 4) protocols and sacrificed before resuscitation. Tissues
were extracted, weighted and dried for at least 72 h at 100 °C and then weighted again.
Water content was calculated as (wet tissue weight — dry tissue weight)/wet tissue
weight x 100.

Statistics

Data was analyzed per protocol. Change in plasma volume at 15 min after resuscitation
was the primary outcome. Because of the exploratory nature of these experiments, no
formal power analysis was performed and the group size was based on previous studies
in which differences in plasma volume expansion could be detected using the same
methodology [13, 14]. Randomization was performed in blocks of four in each of the
treatment groups with the objective to have eight to ten animals in each group.
Animals that did not complete the protocol were replaced. Changes in plasma volume,
hemodynamic parameters and laboratory data from the baseline to the end of the CLP
or the hemorrhage procedure (before randomization) were evaluated using the paired
Student’s ¢ test. Differences in the plasma volume expansion and in hemodynamic and
laboratory data within the sepsis and hemorrhage groups at the different time points
after resuscitation were analyzed using one-way-ANOVA on ranks followed by an
adjustment for multiple comparisons using the Dunn’s method. Differences in dose-
dependent decrease in plasma oncotic pressure between the two groups were analyzed
by comparing the slope of the dose—response curves as calculated by linear regression.
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Sepsis group (n=69)

died (n=1)

excluded (n=4) because plasma volume loss <5 ml/kg

l Randomized (n=64) l

l

i

R ion 10 mi/kg ion 30 mli/kg ion 50 mi/kg

R ion 0 mi/kg ‘

ion 75 ml/kg

ion 100 mifkg ‘

‘ died (n=4) ‘ died (n=4) .‘ died (n=1)

‘ n=10 ‘ ‘ n=9 n=10 ‘

Fig. 2 Flow chart of animals in the sepsis groups

Differences in tissue water content were analyzed using Mann—Whitney test. Data are

presented as the median and interquartile range (IQR) unless stated otherwise.

Results
Mortality

The mortality in sepsis and hemorrhage was 14% (95% confidence interval [CI], 8—25%)
and 33% (95% CI; 22—-45%), respectively. A flow chart of the animals in both study arms is

presented in Figs. 2 and 3.

Hemodynamic and laboratory data
Sepsis

At the start of resuscitation, lactate, hematocrit and PPV had increased, and base ex-
cess, MAP and ScvO, had decreased compared to the baseline values (P < 0.001 for all,
see Table 1 for all hemodynamic and laboratory data). Both at 15 and at 60 min after
resuscitation lactate decreased and base excess increased in the group receiving

Hemorrhage group (n=58)

m

l l Randomlzed (n 50)

l

l

Resuscitation 0 ml/kg R

Resuscitation 10 mi’kg Resuscitation 30 mi’kg R on 50 mi/kg

on 75 mi/kg

Resuscitation 100 mi/kg ‘

t died (n=4)

died (n=1) died (n=2)

died (n=1)

died (n:

=2)

died (n=1)

‘ n=7 ‘ ‘ n=8 ‘ ‘ n=8 ‘

Fig. 3 Flow chart of animals in the hemorrhage groups
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100 ml/kg compared to the group receiving 10 ml/kg (P < 0.001 for both). The urine
production was higher in animals resuscitated with a dose of 100 ml/kg compared to
those resuscitated with a dose of 10 ml/kg (P = 0.022). Arterial pH and pCO, did not
differ between the groups at any of the time points (data not shown).

Hemorrhage

At the start of resuscitation, lactate and PPV had increased, and base excess, MAP,
ScvO,, and hematocrit had decreased compared to baseline values (P < 0.001 for all).
At 15 min after resuscitation, animals resuscitated with 75 and 100 ml/kg decreased in
hematocrit (P < 0.001 for both groups) and lactate (P = 0.013 and P = 0.014, respect-
ively) and increased in base excess (P = 0.002 for both groups) compared to the group
receiving 10 ml/kg. At 60 min after resuscitation hematocrit decreased and ScvO, in-
creased in the group receiving 100 ml/kg compared to the group receiving 10 ml/kg
(P =0.007 and P = 0.021, respectively). The urine production was higher in animals re-
suscitated with a dose of 100 ml/kg compared to those resuscitated with a dose of
10 ml/kg (P = 0.018). Arterial pH and pCO, did not differ between the groups at any
of the time points (data not shown).

Plasma volumes

Sepsis

The baseline plasma volume in the sepsis group was 42.1 (39.5-46.4) ml/kg and decreased
to 30.8 (28.1-33.7) ml/kg 4 h after the CLP procedure (P < 0.001). Corresponding blood
volumes were 72.4 (68.2-79.5) ml/kg and 56.7 (52.6-60.4) ml/kg, respectively. At 15 min
after resuscitation, there was a dose-dependent increase in the plasma volume (Fig. 4a).
Calculated blood volume increased to at most 54.8 (52.5-57.7) ml/kg at a dose of
100 ml/kg. At 60 min after resuscitation, no differences in the plasma volume
change could be detected (P = 0.17 for ANOVA).

Hemorrhage

The baseline plasma volume in the hemorrhage group was 41.9 (39.8—-43.5) ml/kg and
decreased to 30.6 (28.7-32.5) ml/kg 2.5 h after the hemorrhage (P < 0.001). The corre-
sponding blood volumes were 71.1 (69.1-74.7) ml/kg and 42.5 (39.39-44.8) ml/kg, re-
spectively. Volume of hemorrhage therefore corresponds to a 40% hemorrhage. At
15 min after resuscitation, the plasma volume increased dose-dependently (Fig. 4b).
Blood volume at 15 min after resuscitation increased to at most 49.6 (45.3—56.4) ml/kg
at a dose of 100 ml/kg. At 60 min after resuscitation, the 50 ml/kg group had increased
in plasma volume compared to the 10 ml/kg group, whereas the 75 ml/kg and 100 ml/kg
groups did not differ from the 10 ml/kg group (Fig. 4b).

Sepsis versus hemorrhage

Plasma volume expansion as a percentage of the administered dose was assessed to test
the hypothesis that efficacy of crystalloids as plasma volume expanders differs between
the two inflammatory conditions. Average efficacy both at 15 and 60 min was lower in
sepsis than in hemorrhage (15 min; 5.9 (2.5-8.8) % vs. 14.5 (12.1-20.0) %, P < 0.001,
60 min; 2.9 ([-2.9]-8.3) % vs. 13.3 (8.3-19.0) %, P < 0.001, Mann—Whitney test). In sep-
sis, average efficacy decreased from 15 to 60 min (P = 0.006, Wilcoxon matched-pair
signed ranks test), whereas it did not differ between the different time points in
hemorrhage (P = 0.108).
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Fig. 4 Change in plasma volume (A PV) in the sepsis and the hemorrhage groups at 15- and at 60 min
after completion of fluid resuscitation. Panel a: Change in plasma volume in sepsis groups resuscitated with
10 mi/kg (n =9, second bar from the left at each of the time points), 30 ml/kg (n = 10), 50 ml/kg (n = 10),
75 ml/kg (n = 8), 100 ml/kg (n = 8) and in animals not receiving fluid resuscitation (n = 10, first bar form
the left, at each of the time points). b panel: Change in plasma volumes in hemorrhage groups resuscitated
with 10 ml/kg (n = 7), 30 ml/kg (n = 8), 50 ml/kg (n = 8), 75 ml/kg (n = 8) and 100 mi/kg (n = 8)
(* = P < 0.05). Data analyzed using one-way ANOVA on ranks and multiple comparisons were adjusted
using the Dunn'’s method

Plasma oncotic pressure

In the sepsis and hemorrhage groups resuscitated with 10 ml/kg plasma oncotic
pressures at 60 min after resuscitation were 14.8 (14.4-15.5) mmHg and 11.7
(11.0-12.7) mmHg, respectively, (Fig. 5). There was a dose-dependent decrease in
colloid osmotic pressure in both conditions, which was more marked in sepsis than

Page 10 of 16
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Fig. 5 Plasma oncotic pressure at 60 min after completion of resuscitation. Differences in dose-dependent
decrease in plasma oncotic pressure between the two groups were analyzed by comparing the slope of
the dose-response curves as calculated by linear regression. (P < 0.001 for the difference in slope using
linear regression with an interaction term)

in hemorrhage (P < 0.001 for the difference in slope using linear regression with an inter-
action term). In sepsis, the plasma oncotic pressure was 10.1 (9.8-10.3) mmHg in the
group resuscitated with a dose of 100 ml/kg. This corresponds to a 32% lower plasma
oncotic pressure than in the 10 ml/kg group. At this time point, the plasma volume in an-
imals resuscitated with 100 ml/kg had increased by about 10% relative to the plasma
volume change observed in animals resuscitated with 10 ml/kg. In hemorrhage, the
plasma oncotic pressure was 9.6 (8.5-10.4) mmHg in the group resuscitated with a dose
of 100 ml/kg. This corresponds to a 20% lower plasma oncotic pressure than in the
10 ml/kg group. At this time point, the plasma volume in animals resuscitated with
100 ml/kg had increased by about 23% relative to the plasma volume change observed in

animals resuscitated with 10 ml/kg.

Tissue water content

The tissue water content in skin, intestine, muscle and kidney was higher in resus-
citated group than in the control group in sepsis (Fig. 6). The tissue water content
in the skin, intestine, heart, and kidney was higher in the resuscitated group than
in the control group in hemorrhage (Fig. 6). In both conditions water content

appeared to increase the most in skin and intestines.

Discussion

Our results show that resuscitation with Ringers acetate in inflammation induced
by abdominal sepsis increases plasma volume by about 7% of the infused dose
early after resuscitation. In inflammation induced by hemorrhagic shock, Ringers
acetate result in an increase in plasma volume by about 18% of the infused volume
early after resuscitation. Calculated blood volumes after resuscitation did not reach
baseline values even at the highest dose in any of the conditions. Resuscitation
with Ringers acetate was associated with a dose-dependent decrease in the plasma

oncotic pressure, which was more marked in abdominal sepsis.
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Fig. 6 Tissue water content in animals exposed to sepsis (gray bar in panel a) or hemorrhage before resuscitation
(gray bar in panel b, n = 4 in both conditions) and after resuscitation with Ringers acetate at a dose of 100 mi/kg
(white bars, n = 8 in both conditions). Differences in water content were analyzed using Mann-Whitney
nonparametric test

\

Measurement of plasma volume using radiolabeled albumin is considered to be a
golden standard and both baseline values and values after CLP in the present study are
very similar to those reported in previous studies supporting the reliability of the
methodology [14, 19, 20]. Sources of error, such as changes in the rate of extravasation
of albumin secondary to increases in permeability, and amount of free iodine has been
analyzed in detail previously [14] and it has been concluded that these sources of error
are small during the present experimental conditions. Furthermore, our finding of re-
ciprocal changes in hematocrit also supports the reliability of the plasma volume
measurements.

Our finding of hypovolemia, increased lactate and a decreased MAP after CLP are in
keeping with previous results and support that the model initiates an inflammatory re-
sponse which mimics many features of human sepsis [14, 21]. Observational studies
have shown that it is not uncommon that patients with septic shock receive more than
125 ml/kg during the first hours of resuscitation [22] suggesting that the investigated
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doses are similar to those used in clinical practice. Also, hemorrhagic shock is sug-
gested to initiate an inflammatory response, which shares many aspects of septic shock
despite the differing etiologies [23] and our previous result showing increased levels of
TNEF-a before resuscitation using an identical protocol support the development of a
shock induced inflammatory response in our model [18].

To our knowledge, this is the first study investigating the dose—response relationship
of Ringers acetate as a volume expander. Our finding that Ringers acetate expands the
plasma volume by about 7% of the infused volume early after resuscitation in sepsis is
in agreement with previous studies evaluating effects of a single dose on plasma volume
in experimental and clinical inflammation [13-15]. The present results extend the pre-
vious findings and indicate that potency appears to be similar across a wide range of
doses immediately after resuscitation. However, 1 h after completion of resuscitation
no difference in plasma volumes between the different doses could be detected. While
this in part can be referred to low statistical power, it should also be noted that mortal-
ity appeared to be higher in animals receiving no resuscitation or the lower doses of
Ringers acetate. Assuming that hypovolemia contributes to mortality, it is possible that
this biased selection of animals available for plasma volume measurement in favor of
those with less hypovolemia and/or inflammatory response. Such a bias may have over-
estimated potency of Ringers acetate in these groups.

Plasma volume expansion by 0.9% saline and Ringer acetate is often assumed to be
equal and guidelines do not specify the type of crystalloid to use [1, 2] and, while
studies comparing the two are sparse, a study on healthy humans has suggested that
0.9% saline is more potent than Ringers acetate [24]. In contrast, a previous study from
our laboratory [13] using similar sepsis and hemorrhage protocols found that a single
dose of 0.9% saline (32 ml/kg) increased plasma volume by 0.6 and 20% of the injected
dose (corresponding results for Ringers acetate in the present study was 8 and 17%)
suggesting that in rat sepsis, Ringers acetate is at least, equally potent as 0.9% saline.
Future studies will have to address the relative potency of Ringers acetate and 0.9%
saline in humans suffering from inflammatory conditions.

The finding that average efficacy was lower at 1 h align with a clinical study showing
that crystalloid induced increases in cardiac output are transient and return to pre-
infusion levels within 1-2 h [25]. The previous finding that immediate plasma volume
expansion in less severe sepsis is about 20-30% of the infused volume contrasts to our
results and suggests that efficacy in sepsis is not uniformly low and could be dependent
on the severity of the inflammatory response [26, 27].

In hemorrhagic shock, Ringers acetate was a more potent plasma volume expander than
in sepsis. Moreover, no decrease in efficacy during the first hour after resuscitation could
be detected. The observation that normovolemia was not restored even at the highest
dose of Ringers acetate, align with our previous finding that normovolemia was not
achieved even at a dose of 135 ml/kg at 2 h after a hemorrhage of the same magnitude
[18]. This contrasts to less severe hemorrhage, in which immediate resuscitation with
crystalloids at a dose of about 4.5 the bleed volume restores normovolemia [14, 28]. Taken
together our results suggest that normovolemia is very difficult to achieve using Ringers
acetate in these two models of inflammation. As mentioned above, in clinical practice
patients with sepsis may receive large amounts of crystalloids to correct hemodynamics.
While we acknowledge that unresponsiveness to fluid resuscitation in sepsis is likely to be
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multifactorial our results indicate that poor plasma volume expansion by crystalloids is a
potential contributing factor.

Our finding that water content increased mainly in the intestines and skin after
resuscitation supports that excess fluid is not uniformly distributed in different
tissues and organs but is preferably distributed to organs with a high interstitial
compliance [29]. While we did not measure interstitial and intravascular extracellu-
lar volumes changes after resuscitation previous studies suggest in experimental
hemorrhagic shock the fluid is mainly distributed interstitially [30]. Of note is that
no increase in tissue water content in the lungs could be detected after resuscita-
tion. This finding contrasts to previous studies and could be related to lack of
power [30].

The question may be asked how the lower efficacy of Ringers acetate as a plasma
volume expander in sepsis than in hemorrhage may be explained? The vascular endo-
thelium of all tissues except the brain is freely permeable to electrolytes already during
normal conditions it is therefore highly unlikely that an inflammation induced increase
in endothelial permeability for electrolytes could directly influence efficacy of crystal-
loids as plasma volume expanders per-se. However, hypovolemia in sepsis is secondary
to redistribution of fluid from the intra- to the extravascular compartment in part due
to increased permeability for colloids. This is in contrast to the hypovolemia in
hemorrhage, which will initiate compensatory mechanisms to redistribute fluid in the
opposite direction in an attempt to maintain normovolemia. Assuming that a crystal-
loid initially distributes in the extravascular space, the change in the ratio of intravascu-
lar to extravascular extracellular volumes is likely to contribute to the low potency of
crystalloids in sepsis. Moreover, inflammation blunts homeostatic mechanisms that
contribute to the plasma volume expansion observed in non-inflammatory conditions
and by this mechanism contribute to the lower potency. Also inflammation-induced
changes in the structure of the interstitial matrix may contribute to the low potency
and duration of effect of crystalloids in severe systemic inflammation [31].

The result that plasma oncotic pressure decreased dose-dependently after hemorrhagic
shock can be explained by the dilution of plasma proteins by Ringers acetate. This is in
contrast to sepsis, in which, the decrease in plasma oncotic pressure was two times higher
than what can be explained by dilution alone. This result suggests that Ringers acetate in-
duce a dose-dependent increase in extravasation of albumin and/or a decrease in lymph-
atic return of albumin. At least two mechanisms may contribute to an increased
extravasation of albumin in sepsis. Firstly, the increased water content in the interstitium
prior to resuscitation secondary to vascular leak may have increased the volume of the
distribution for albumin in the interstitium. This may have caused increased diffusion of
albumin from the vessels to the interstitium. Secondly, increased permeability in sepsis is
suggested to be secondary to an increased number of large pores [32] and/or to increased
functional pore size due degradation of the glycocalyx [17]. Given that convective trans-
port of albumin occurs through these pores, it is possible that convective transport of
albumin due to a transiently increased transcapillary hydrostatic pressure during the dis-
tribution of crystalloids is larger in sepsis. Whatever the mechanism, this finding repre-
sents a previously unrecognized side-effect of crystalloid resuscitation in sepsis that is
likely to contribute both to relatively poor potency and short duration of crystalloids as
plasma volume expanders in sepsis.
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Limitations
We acknowledge that our models suffer from several limitations. Most importantly,
no empiric antibiotic therapy was initiated. Also vasoconstrictors and inotropes
were not used in the sepsis model. We also acknowledge that a 40% hemorrhage
would not normally be resuscitated using only crystalloids. Furthermore, the short
observation time after resuscitation does not allow us to draw any conclusions
about a more long-term dose-dependent effect on hemodynamics and more im-
portantly on patient-important outcomes.

For standardization purposes all groups were resuscitated in 30 min and conse-
quently flow rates of resuscitation fluids varied between the groups. While we
cannot exclude this may have influenced our result, previous data indicate that

flow rate does not influence plasma volume expansion by crystalloids [13].

Conclusions

We conclude that the efficacy of Ringers acetate as a plasma volume expander is con-
text dependent. Plasma volume expansion is lower than previously realized across a
wide range of doses and normovolemia may be impossible to achieve in sepsis. Resusci-
tation with Ringers acetate in sepsis induces a dose-dependent decrease in plasma
oncotic pressure, which cannot be explained by dilution of plasma proteins only.

Abbreviations
ANOVA: Analysis of variance; Cl: Confidence interval; CLP: Cecal ligation and puncture; IQR: Interquartile range;
MAP: Mean arterial pressure; PP: Pulse pressure; PPV: Pulse pressure variation; PV: Plasma volume

Availability of data and materials
Data will be made available from the authors upon reasonable request.

Financial support
SS and PB are funded by grants from Region Skane, Sweden. PB is funded from ALF (Swedish government funding to
university hospitals for physician research and education) (#2014/354) and The Anna and Edwin Berger Foundation.

Authors’ contributions

All authors participated in the conception and design of the study and in the critical revision of the manuscript for
important intellectual content. PB and SS participated in data acquisition. PB, SS and AF performed the data analysis,
interpreted the data. PB and produced the draft of the manuscript. All authors had full access to all of the data
(including statistical reports and tables) in the study and can take responsibility for the integrity of the data and the
accuracy of the data analysis. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Author details

'Department of Anesthesia and Intensive Care, Skane University Hospital, Lund, Sweden. ?Department of Clinical
Sciences, Lund University, Lund, Sweden. 3Departmem of Anesthesia and Intensive Care, Helsingborg Hospital,
Helsingborg, Sweden.

Received: 3 July 2017 Accepted: 4 October 2017
Published online: 26 October 2017

References

1. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, Kumar A, Sevransky JE, Sprung CL, Nunnally ME,
Rochwerg B, Rubenfeld GD, Angus DC, Annane D, Beale RJ, Bellinghan GJ, Bernard GR, Chiche JD, Coopersmith C,
De Backer DP, French CJ, Fujishima S, Gerlach H, Hidalgo JL, Hollenberg SM, Jones AE, Karnad DR, Kleinpell RM,
Koh'Y, Lisboa TC, Machado FR, Marini JJ, Marshall JC, Mazuski JE, McIntyre LA, McLean AS, Mehta S, Moreno RP,
Myburgh J, Navalesi P, Nishida O, Osborn TM, Perner A, Plunkett CM, Ranieri M, Schorr CA, Seckel MA, Seymour
CW, Shieh L, Shukri KA, Simpson SQ, Singer M, Thompson BT, Townsend SR, Van der Poll T, Vincent JL, Wiersinga



Statkevicius et al. Intensive Care Medicine Experimental (2017) 5:50

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

WJ, Zimmerman JL, Dellinger RP (2017) Surviving sepsis campaign: international guidelines for management of
severe sepsis and septic shock. Intensive Care Med 43:304-377

American College of Surgeons Committee on Trauma (2012) Advanced trauma life support program, student
course manual (9th ed.), Chicago

Jacob M, Chappell D, Hofmann-Kiefer K, Helfen T, Schuelke A, Jacob B, Burges A, Conzen P, Rehm M (2012) The
intravascular volume effect of Ringer's lactate is below 20%: a prospective study in humans. Crit Care 16:R86
Lamke LO, Liliedahl SO (1976) Plasma volume changes after infusion of various plasma expanders. Resuscitation 5:93-102
Moore FD, Dagher FJ, Boyden CM, Lee CJ, Lyons JH (1966) Hemorrhage in normal man. I. Distribution and dispersal of
saline infusions following acute blood loss: clinical kinetics of blood volume support. Ann Surg 163:485-504

Zaar M, Lauritzen B, Secher NH, Krantz T, Nielsen HB, Madsen PL, Johansson PI (2009) Initial administration of
hydroxyethyl starch vs lactated ringer after liver trauma in the pig. Br J Anaesth 102:221-226

Persson J, Grande PO (2005) Volume expansion of albumin, gelatin, hydroxyethyl starch, saline and erythrocytes
after haemorrhage in the rat. Intensive Care Med 31:296-301

Drobin D, Hahn RG (1999) Volume kinetics of Ringer’s solution in hypovolemic volunteers. Anesthesiology 90:81-91
Favory R, Poissy J, Alves |, Guerry MJ, Lemyze M, Parmentier-Decrucq E, Duburcq T, Mathieu D (2013) Activated protein
C improves macrovascular and microvascular reactivity in human severe sepsis and septic shock. Shock 40:512-518
Gattinoni L, Carlesso E (2013) Supporting hemodynamics: what should we target? What treatments should we
use? Crit Care 17 Suppl 1, S4

Radaelli A, Castiglioni P, Cerrito MG, De Carlini C, Soriano F, Di Rienzo M, Lavitrano ML, Paolini G, Mancia G (2013)
Infusion of Escherichia Coli lipopolysaccharide toxin in rats produces an early and severe impairment of baroreflex
function in absence of blood pressure changes. Shock 39:204-209

Terborg C, Schummer W, Albrecht M, Reinhart K, Weiller C, Réther J (2001) Dysfunction of vasomotor reactivity in
severe sepsis and septic shock. Intensive Care Med 27:1231-1234

Bark BP, Oberg CM, Grande PO (2013) Plasma volume expansion by 0.9% NaCl during sepsis/systemic
inflammatory response syndrome, after hemorrhage, and during a normal state. Shock 40:59-64

Bansch P, Statkevicius S, Bentzer P (2014) Plasma volume expansion with 5% albumin compared to Ringer's
acetate during normal and increased microvascular permeability in the rat. Anesthesiology 121:817-824

Ernest D, Belzberg AS, Dodek PM (2001) Distribution of normal saline and 5% albumin infusions in cardiac surgical
patients. Crit Care Med 29:2299-2302

Bentzer P, Griesdale DE, Boyd J, MacLean K, Sirounis D, Ayas NT (2016) Will this Hemodynamically unstable patient
respond to a bolus of intravenous fluids? JAMA 316(12):1298-1309

Bansch P, Nelson A, Ohlsson T, Bentzer P (2011) Effect of charge on microvascular permeability in early
experimental sepsis in the rat. Microvasc Res 82:339-345

Nelson A, Statkevicius S, Schétt U, Johansson Pl, Bentzer P (2016) Effects of fresh frozen plasma, Ringer's acetate
and albumin on plasma volume and on circulating glycocalyx components following haemorrhagic shock in rats.
Intensive Care Med Exp 4:6

Margarson MP, Soni NC (2005) Plasma volume measurement in septic patients using an albumin dilution
technique: comparison with the standard radio-labelled albumin method. Intensive Care Med 31:289-295

Lee HB, Blaufox MD (1985) Blood volume in the rat. J Nucl Med 26:72-76

Otero-Antén E, Gonzélez-Quintela A, Lopez-Soto A, Lopez-Ben S, Llovo J, Pérez LF (2001) Cecal ligation and
puncture as a model of sepsis in the rat: influence of the puncture size on mortality, bacteremia, endotoxemia
and tumor necrosis factor alpha levels. Eur Surg Res 33(2):77-79

Boyd JH, Forbes J, Nakada TA, Walley KR, Russell JA (2011) Fluid resuscitation in septic shock: a positive fluid
balance and elevated central venous pressure are associated with increased mortality. Crit Care Med 39:259-265
Cai B, Deitch EA, Ulloa L (2010) Novel insights for systemic inflammation in sepsis and hemorrhage. Mediat
Inflamm 2010:642462

Reid F, Lobo D, Williams R, Rowlands B, Allison S (2003) (Ab)normal saline and physiological Hartmann’s solution:
a randomized double-blind crossover study. Clin Sci 104:17-24

Nunes TS, Ladeira RT, Bafi AT, de Azevedo LC, Machado FR, Freitas FG (2014) Duration of hemodynamic effects of
crystalloids in patients with circulatory shock after initial resuscitation. Ann Intensive Care 4:25

Ernest D, Belzberg AS, Dodek PM (1999) Distribution of normal saline and 5% albumin infusions in septic patients.
Crit Care Med 27:46-50

Svensén CH, Clifton B, Brauer KI, Olsson J, Uchida T, Traber LD, Traber DL, Prough DS (2005) Sepsis produced by
pseudomonas bacteremia does not alter plasma volume expansion after 0.9% saline infusion in sheep. Anesth
Analg 101:835-842

Jungner M, Grande PO, Mattiasson G, Bentzer P (2010) Effects on brain edema of crystalloid and albumin fluid
resuscitation after brain trauma and hemorrhage in the rat. Anesthesiology 112:1194-1203

Larsson M, Ware J (1983) Effects of isotonic fluid load on plasma water and extracellular fluid volumes in the rat.
Eur Surg Res 15:262-267

Zakaria el R, Matheson PJ, Flessner MF, Garrison RN (2008) Hemorrhagic shock and resuscitation-mediated tissue
water distribution is normalized by adjunctive peritoneal resuscitation. J Am Coll Surg 206:970-980

Wiig H, Swartz MA (2012) Interstitial fluid and lymph formation and transport: physiological regulation and roles in
inflammation and cancer. Physiol Rev 92:1005-1060

Bradley JD, Roselli RJ, Parker RE, Harris T (1988) Effects of endotoxemia on the sheep lung microvascular
membrane: a two-pore theory. J Appl Physiol 64:2675-2683

Page 16 of 16



	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Animals
	Anesthesia and preparation
	Measurement of plasma volume
	Experimental protocol
	Sepsis model
	Hemorrhage model
	Plasma oncotic pressures and tissue water content
	Statistics

	Results
	Mortality
	Hemodynamic and laboratory data
	Sepsis
	Hemorrhage

	Plasma volumes
	Sepsis
	Hemorrhage
	Sepsis versus hemorrhage

	Plasma oncotic pressure
	Tissue water content

	Discussion
	Limitations

	Conclusions
	Abbreviations
	Availability of data and materials
	Financial support
	Authors’ contributions
	Competing interests
	Publisher’s Note
	Author details
	References

