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O ptimization of intravascular volume is a fun-
damental component of initial resuscitation during 

septic shock, and crystalloids are the fluids most commonly 
used for this purpose.1 Crystalloids are effective, cheap, and 
relatively safe, but each solution possesses a unique profile of 
potential adverse effects based on its specific composition.2

Normal saline (NS) is the most frequently used crystal-
loid during resuscitation in many situations.3 Although not 
a physiologic solution, NS is very cheap due to the simplicity 
of its preparation.4 NS has a high-chloride content that can 
induce hyperchloremic acidosis, depending on the amount 
of fluid administered.5 Experimental studies have indicated 
that NS may induce coagulopathy,6 renal vasoconstriction,7 
and even renal failure.8 Moreover, hyperchloremic acidosis 
has been implicated in the release of inflammatory molecules 
and development of hemodynamic instability during sepsis,9 
although this study was performed with infused hydrochloric 

acid and not NS. Some clinical studies have reported an 
association between NS use and the development of renal 
failure,10 and in a recent large retrospective cohort of septic 
patients matched by a propensity score, there was a higher 

What We Already Know about This Topic

•	 Crystalloid solutions remain a fundamental component of re-
suscitation in septic shock to optimize intravascular volume

•	 Each crystalloid solution has specific properties and potential 
side effects based on its unique composition that warrant fur-
ther investigation.

What This Article Tells Us That Is New

•	 In a comparison of normal saline, lactated Ringer’s, and Plas-
maLyte as resuscitation fluids in a large animal model of ab-
dominal peritonitis and sepsis, normal saline was associated 
with more adverse side effects (acidosis, hemodynamic insta-
bility, altered microcirculation, and organ dysfunction) than the 
balanced solutions
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ABSTRACT

Background: Crystalloid solutions are used to restore intravascular volume in septic patients, but each solution has limita-
tions. The authors compared the effects of three crystalloid solutions on hemodynamics, organ function, microcirculation, 
and survival in a sepsis model.
Methods: Peritonitis was induced by injection of autologous feces in 21 anesthetized, mechanically ventilated adult sheep. 
After baseline measurements, animals were randomized to lactated Ringer’s (LR), normal saline (NS), or PlasmaLyte as resus-
citation fluid. The sublingual microcirculation was assessed using sidestream dark field videomicroscopy and muscle tissue 
oxygen saturation with near-infrared spectroscopy.
Results: NS administration was associated with hyperchloremic acidosis. NS-treated animals had lower cardiac index and left 
ventricular stroke work index than LR-treated animals from 8 h and lower mean arterial pressure than LR-treated animals 
from 12 h. NS-treated animals had a lower proportion of perfused vessels than LR-treated animals after 12 h (median, 82 [71 
to 83] vs. 85 [82 to 89], P = 0.04) and greater heterogeneity of proportion of perfused vessels than PlasmaLyte or LR groups 
at 18 h. Muscle tissue oxygen saturation was lower at 16 h in the NS group than in the other groups. The survival time of NS-
treated animals was shorter than that of the LR group (17 [14 to 20] vs. 26 [23 to 29] h, P < 0.01) but similar to that of the 
PlasmaLyte group (20 [12 to 28] h, P = 0.74).
Conclusions: In this abdominal sepsis model, resuscitation with NS was associated with hyperchloremic acidosis, greater 
hemodynamic instability, a more altered microcirculation, and more severe organ dysfunction than with balanced fluids. Sur-
vival time was shorter than in the LR group. (Anesthesiology 2016; 125:744-54)
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mortality when chloride-rich solutions were used compared 
with balanced solutions.3

In lactated Ringer’s (LR), some of the excess chloride 
present in NS is replaced by lactate, but this solution is 
somewhat hypotonic,11 as it was developed by Hartman for 
fluid replacement in dehydrated children. Although blood 
lactate levels are correlated with severity of shock states, lac-
tate is not very toxic and can be used as a fuel by myocardial 
cells and neurons.12,13

Another commonly used balanced solution is PlasmaLyte 
(Baxter, Belgium), which contains gluconate and acetate. 
Gluconate has been extensively used by pharmaceutical and 
food industries and has a good safety profile,14 although 
some bacteria may use it as a fuel source.15 Acetate can be 
easily metabolized but may induce myocardial depression 
and vasodilation; hence, its use in hemodialysis baths has 
been abandoned.16 A recent multicenter randomized clinical 
trial found no differences between PlasmaLyte and NS in 
terms of renal function and mortality; however, the inves-
tigators included a heterogeneous population of intensive 
care unit patients with low disease severity and few comor-
bidities.17 Other studies comparing different fluid types in 
patients with sepsis are ongoing.

Experimental data comparing different crystalloid solu-
tions during sepsis are limited and only available from mice 
studies.8,18,19 We studied the effects of the three most widely 
used crystalloid solutions in a sheep model of bacterial sep-
tic shock to evaluate whether they would have a different 
impact on survival time. Data on hemodynamics, organ 
function, tissue perfusion, and microcirculation were col-
lected as potential explanatory mechanisms for any differ-
ences in outcome.

Materials and Methods
Approval from the animal ethics committee of the Université 
Libre de Bruxelles (Brussels, Belgium) was obtained before 
initiation of the study. Care and handling of the animals 
were in accordance with National and International Guide-
lines.20 Twenty-one adult female sheep between 10 and 12 
months of age and weighing 24 to 34 kg were studied. Ani-
mals were fasted for 24 h before the experiments, with free 
access to water.

Premedication, Anesthesia, and Ventilation
Animals were premedicated with an intramuscular mixture 
of 25 mg of ketamine hydrochloride (Ceva Santé Animal, 
France) per kilogram and 0.3 mg of midazolam (Braun, Ger-
many) per kilogram and then placed in a supine position. 
The cephalic vein was cannulated with a peripheral venous 
18-gauge catheter (Surflo IV Catheter; Terumo Medical 
Corporation, Belgium), and LR (Hartmann, Baxter) was 
initiated as the only intravenous fluid during surgery.

Endotracheal intubation, facilitated by an intravenous 
bolus of 10 µg fentanyl citrate (Janssen, Belgium) per kilo-
gram and 0.1 mg of rocuronium bromide (Esmeron; The 

Netherlands) per kilogram, was performed under direct 
laryngoscopy (8 mm, Hi-Contour; Mallinckrodt Medical, 
Ireland). Volume-controlled mechanical ventilation (Servo 
300 Ventilator; Siemens-Elema, Sweden) was started with 
the following settings: tidal volume of 10 ml/kg, respiratory 
rate of 18 breaths/min, positive end-expiratory pressure of 
10 cm H2O, inspired oxygen fraction of 0.5, inspiratory time 
to expiratory time ratio of 1:2, and a square-wave flow pat-
tern. Respiratory rate was the only parameter adjusted dur-
ing the experiment in an attempt to maintain Paco2 between 
31 and 34 mmHg to avoid any possible effect on systemic 
hemodynamics.21 Continuous intravenous anesthesia was 
initiated with an infusion of midazolam (0.4 to 0.8 mg kg−1 
h−1), ketamine hydrochloride (4 to 8 mg kg−1 h−1), and mor-
phine (0.4 to 0.8 mg kg−1 h−1), adjusting the doses to provide 
a sufficient level of anesthesia (the absence of movement of 
the limbs or head or chewing on painful stimulation).22 The 
dose was then kept constant throughout the experiment. 
Thereafter, a continuous infusion of rocuronium (0.2 mg 
kg−1 h−1) was started to avoid possible movement artifacts 
during the experiment that would interfere with the videos 
of the sublingual microcirculation.

A 60-cm plastic tube (inner diameter, 1.8 cm) was 
inserted into the stomach via the esophagus to drain its con-
tent and to prevent gastric distension. A 14-French Foley 
catheter (Beiersdorf AG, Germany) was placed in the uri-
nary bladder to collect urine.

Surgical Preparation and Hemodynamic Monitoring
The right external carotid artery was surgically exposed, and 
a 6-French arterial catheter (Vygon, UK) was introduced and 
connected to a pressure transducer (Edwards Lifesciences, 
USA) zeroed at mid-chest level and connected to a Siemens 
SC 9000 Monitor (Siemens-Elema) for continuous moni-
toring of systemic systolic, diastolic, and mean arterial pres-
sures (MAPs). The right external jugular vein was surgically 
exposed, and a 7.5-French introducer (Edwards Lifesciences) 
was placed and used to insert a 7-French pulmonary artery 
catheter (Edwards Lifesciences) into the pulmonary artery 
guided by pressure curves until adequate pulmonary artery 
occlusion pressure (PAOP) was obtained. Proximal and dis-
tal lumens were connected to different pressure transducers 
(Edwards Lifesciences) and zeroed at the mid-chest level for 
continuous monitoring of central venous pressure and pul-
monary pressures. The pulmonary artery catheter was con-
nected to a Vigilance I Monitor (Edwards Lifesciences) for 
measurement of cardiac output (CO) by continuous ther-
modilution. The right femoral artery and vein were then sur-
gically exposed. A perivascular flowmeter probe (Transonic, 
USA) was gently placed around the artery in a proximal por-
tion and connected to a TS420 perivascular flowmeter mod-
ule (Transonic). A 6-French catheter (Vygon) was placed 
into the vein for intermittent venous blood sampling.

We performed a small cecotomy through a midline lap-
arotomy to collect feces. A pursestring suture was used to 
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close the incision, and the area around was disinfected with 
iodine solution. The laparotomy wound was closed in two 
layers, leaving a plastic tube with a large diameter through 
the abdominal wall for later injection of feces.

After abdominal surgery, the animals were turned to the 
prone position, and a recruitment maneuver consisting of 
increasing the positive end-expiratory pressure to 25 cm H2O 
for 20 s was performed to avoid possible atelectasis induced 
by the supine position. The left kidney was then surgically 
exposed through the retroperitoneum. The left renal artery 
was identified, and a perivascular flowmeter probe (Tran-
sonic) was placed to continuously monitor left renal blood 
flow. The incision was closed, and the probe was connected 
to a TS420 perivascular flowmeter module (Transonic) for 
continuous monitoring.

Hemodynamic monitoring variables were collected before 
sepsis induction (baseline) and exactly every hour thereafter.

Peripheral and Microcirculatory Monitoring
The right posterior leg was shaved, a small incision made in 
the skin, the biceps femoris muscle identified, and a micro-
dialysis probe (CMA 20; CMA Microdialysis AB, Sweden) 
placed in situ. The probe was connected to a CMA 402 
microdialysis syringe pump (CMA Microdialysis AB) infus-
ing T1 peripheral liquid (CMA Microdialysis AB) at a rate 
of 0.3 µl/min. Samples were collected thereafter every hour 
and processed immediately in a clinical microdialysis ana-
lyzer (ISCUS; M Dialysis AB, Sweden) to measure lactate, 
pyruvate, and lactate/pyruvate ratio concentrations in the 
muscle.

A 15-mm InSpectra probe (Hutchinson Technology, 
USA) for near-infrared spectroscopy (NIRS) was sutured to 
the skin of the external face of the rear leg, respecting muscle 
integrity. This probe was connected to a 650 InSpectra tis-
sue spectrometer (Hutchinson Technology) for continuous 
monitoring of muscle tissue oxygen saturation (StO2) and 
the total hemoglobin index.

Microcirculation videomicroscopy recordings were per-
formed every 6 h using a sidestream dark field (SDF) imag-
ing device (Microvision Medical BV, The Netherlands) with 
a probe on the sublingual area. At each time point, five dif-
ferent videos of at least 10 s were recorded from different 
places. For the subsequent blinded data analysis, all videos 
were put into a randomization table. A semiquantitative 
analysis of the microcirculation was performed as previ-
ously reported, calculating the proportion of perfused vessels 
(PPVs), proportion of perfused small vessels, perfused vessel 
density, microvascular flow index, and heterogeneity index 
of PPV.23

Randomization and Interventional Protocol
At the end of surgery and instrumentation, we waited 2 h 
before sepsis induction for stabilization of muscle microdi-
alysis effluents. During this period, we verified that MAP, 
CO, Pao2, and arterial lactate levels were within normal 

ranges; if not, the animals were excluded. After baseline 
measurements, peritonitis was induced by injection of 1.5 g 
autologous feces per kilogram into the abdominal cavity. The 
abdominal tube was then emptied by injecting 180 ml of air. 
Animals were then randomized using a computer-generated 
random number list into three groups of seven animals each. 
After randomization, each group received exclusively one of 
the three types of crystalloid solutions for fluid maintenance 
and volume expansion: LR, PlasmaLyte, or NS (0.9% NaCl; 
Baxter).

Animals were followed up until spontaneous death or for 
a maximum of 30 h. If they remained alive after 30 h, eutha-
nasia was performed by injecting a high dose of potassium 
chloride during deep anesthesia.

Fluid Administration Protocol
After sepsis induction, a bolus of 10 ml of the allocated 
crystalloid solution per kilogram was given over 15 min, 
followed by a continuous infusion started at a rate of 3 ml 
kg−1 h−1, titrated to maintain PAOP at baseline values. Fluid 
challenges with 10 ml of the crystalloid solution per kilo-
gram given over 15 min were performed whenever PAOP 
decreased, MAP decreased below 60 mmHg, there was an 
hourly decrease of more than 10% in MAP, arterial lactate 
increased more than 2 mEq/l, or urinary output decreased 
less than 0.5 ml kg−1 h−1. If the fluid administration was asso-
ciated with an increase in CO of at least 10%, the rate of 
infusion of the crystalloid was increased by 3 ml kg−1 h−1, 
up to a maximum infusion rate of 12 ml kg−1 h−1; otherwise, 
the crystalloid infusion was maintained at the same rate and 
the animal was reevaluated 1 h later. When MAP remained 
less than 60 mmHg for more than 2 h with an arterial lactate 
more than 2 mEq/l and there was no response to fluid chal-
lenges, the rate of fluid infusion was decreased to 4 ml kg−1 
h−1 until the end of the experiment.

No vasoactive agents, antibiotics, or antipyretic agents 
were administered at any time. Hypokalemia was corrected 
whenever serum potassium was less than 3.5 mEq/l by a 
slow 30-min infusion of 40 mEq KCl (KCl 7.45%, B. Braun 
Melsungen AG, Germany). Hypocalcemia was corrected 
whenever serum calcium was less than 0.9 mEq/l by slow 
10-ml boluses of CaCl (Calciclo Sterop 11 mEq/10 ml, Ste-
rop, Belgium). Sodium bicarbonate was never administered.

Blood Gas Analysis and Laboratory Measurements
Hemodynamic parameters were calculated using standard 
formulas and standardized to body surface area.24 Arterial, 
mixed venous, and femoral vein blood gas analyses were per-
formed hourly (Cobas b 123 point of care system, Roche 
Diagnostics, Germany) to measure arterial hemoglobin and 
ionized calcium concentrations; arterial, mixed venous, and 
femoral vein hemoglobin oxygen saturations; and the arterial, 
mixed venous, and femoral vein carbon dioxide pressures. 
Arterial blood samples were collected every 4 h to measure 
sodium, potassium, chloride, magnesium, phosphorus, 
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albumin, lactate, creatinine, international normalized ratio, 
and activated partial thromboplastin time in the central 
laboratory of Erasme Hospital (Brussels, Belgium). Urine 
samples were collected every 5 h for measurement of creati-
nine and electrolytes. We calculated the creatinine clearance 
and fractional excretion of different electrolytes for every 5-h 
period using standard formulas as reported in other human 
and animal studies.25,26 All blood samples were immediately 
centrifuged, and plasma or serum was separated and frozen 
at −80°C before analysis. The strong ion difference was cal-
culated as (Na+ + K+ + Ca+ + Mg+) (Cl− + lactate). We also 
calculated the femoral venoarterial Pco2 difference (fco2 gap) 
as femoral vein carbon dioxide pressure minus Paco2. To 
evaluate the effects of acute plasma expansion with differ-
ent crystalloids, we calculated the relative change in MAP 
(delta%MAP) and cardiac index (delta%CI) before and after 
each fluid challenge.

Statistics
Statistical analysis was performed using SPSS 22.0 (IBM, 
USA) software. We did not perform an a priori calculation 
of the sample size but selected the number of animals based 
on our previous experience with this animal model.21,27,28 
Data are presented as medians (interquartile range, 25th to 
75th) or n (%) unless otherwise specified. Comparison of 
proportions between groups was performed using a Fisher 
exact test. Differences between groups in the main outcome 
(survival time) were evaluated by constructing Kaplan–
Meier survival curves and comparing them with a log-rank 
test. Because we had three groups and due to the inherent 
presence of multiple comparisons, Bonferroni corrections 
were applied for all analyses. Baseline data (before sepsis 
induction) were compared with a Kruskal-Wallis test to 
verify equivalence between groups at the beginning of the 
experiment. To take into account missing data secondary 
to animals dying spontaneously during the last hours of the 
experiment and the presence of differences in the variance 
for most of the variables, we decided to model the data 
with the generalized estimation equations (GEE) method-
ology. The GEE model estimates the absolute differences 
in the time course and between groups for each of the 

repeated measurements within an autoregressive structure. 
When the GEE model identified significant differences for 
the group or for the time × group effect, we performed a 
pairwise comparison of estimated marginal means at each 
time point correcting them with a Bonferroni test. All sta-
tistics were two tailed, and P < 0.05 was considered statisti-
cally significant.

Results
Baseline characteristics, infused volume until baseline, urinary 
output until baseline, and the total cumulative infused volume 
of crystalloids were similar in the three groups (Supplemental 
Digital Content, table S1, http://links.lww.com/ALN/B303). 
The changes in MAP and CI induced by each fluid challenge 
were similar in the three groups (Supplemental Digital Con-
tent, table S2, http://links.lww.com/ALN/B303).

Acid–Base and Electrolytes
The time course of acid–base status is shown in figure 1 and 
figure S1 in the Supplemental Digital Content (http://links.
lww.com/ALN/B303). The NS group had a lower pH than 
the LR group from 4 h and than the PlasmaLyte group from 
4 to 16 h, lower bicarbonate, and strong ion difference than 
in the LR group from 4 h and than in the PlasmaLyte group 
from 8 h; the arterial Pco2 was similar in the three groups. 
Arterial lactate levels were transiently higher in the LR group 
than in the PlasmaLyte group at 4 h but, thereafter, were 
similar in the three groups.

Plasma sodium levels were higher in the NS group than 
in the LR and PlasmaLyte groups from 8 h (Supplemen-
tal Digital Content, table S3, http://links.lww.com/ALN/
B303). The NS group received a greater amount of sodium, 
and, as the three groups had similar urinary sodium excre-
tion, the NS group had a higher cumulative sodium balance 
than the other two groups from 15 h (Supplemental Digital 
Content, fig. S2, http://links.lww.com/ALN/B303).

Blood chloride levels were higher in the NS group 
than in the LR and PlasmaLyte groups from 4 h (Supple-
mental Digital Content, table S3, http://links.lww.com/
ALN/B303). The NS group received a greater cumulative 

Fig. 1. Time course of main acid–base status variables. $P < 0.05 versus lactated Ringer’s group, µP < 0.05 versus PlasmaLyte group.
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amount of chloride, and as urinary excretion was the same 
in the three groups, there was a higher cumulative chloride 
balance in the NS group than in the other groups from 10 h 
(Supplemental Digital Content, fig. S2, http://links.lww.
com/ALN/B303).

Blood potassium levels were lower in the Plasma-
Lyte group than in the LR group at 8 and 12 h and 
higher in the NS group than in the PlasmaLyte group 
at 12 h (Supplemental Digital Content, table S3, http://
links.lww.com/ALN/B303). The PlasmaLyte group 
had greater urinary potassium excretion and had more 
hypokalemic episodes, resulting in a higher cumula-
tive administered dose of potassium chloride and thus a 
higher total administered cumulative dose of potassium 
(Supplemental Digital Content, table S4, http://links.
lww.com/ALN/B303).

Blood magnesium levels were higher in the PlasmaLyte 
group than in the other groups from 4 h, although the dif-
ferences compared to the NS group were no longer signifi-
cant after 12 h (Supplemental Digital Content, table S3, 
http://links.lww.com/ALN/B303). Blood calcium levels 
were lower in the PlasmaLyte group than in the LR group 
from 4 to 20 h and than in the NS group from 8 to 12 h 
(Supplemental Digital Content, table S3, http://links.lww.
com/ALN/B303); only two animals, both in the Plasma-
Lyte group, needed calcium supplementation (P = 0.11). 
Blood phosphorus levels were similar in the three groups 
throughout the experiment.

Global Hemodynamics and Perfusion Indexes
CI, stroke volume index (SVI), and left ventricular stroke 
work index were lower in the NS group than in the LR 
group from 8 h (table 1). MAP and oxygen delivery index 
were lower in the NS group than in the LR group from 12 h. 
This resulted in lower mixed venous oxygen saturation in the 
NS group than in the LR group from 12 h. A detailed com-
parison of all hemodynamic variables in the three groups is 
shown in table 1.

Peripheral Muscle and Sublingual Microcirculation 
Indexes
Muscle lactate levels were higher in the NS and PlasmaLyte 
groups than in the LR group from 12 h, but there were no 
significant differences in muscle pyruvate and lactate/pyru-
vate ratios (table 2). NIRS StO2 values were lower in the NS 
group than in the LR and PlasmaLyte groups at 16 h. The 
fco2 gap was higher in the NS group than in the LR group at 
12 and 16 h (table 2).

The time course of the main SDF microcirculatory 
parameters is shown in figure 2. The PPV was lower in the 
NS group than in the LR group at 12 h and than in the LR 
and PlasmaLyte groups at 18 h. The perfused vessel density 
was lower in the NS group than in the LR group at 18 h. The 
heterogeneity index of PPV was higher in the NS group than 
in the other groups at 18 h.

Renal and Coagulation Function
The NS group developed oliguria earlier (at 12 h) than the 
LR and PlasmaLyte groups. Renal blood flow was transiently 
(at 4 h) lower in the PlasmaLyte group than in the LR or NS 
groups, but from 16 h, it was lower in the NS group than in 
the LR group (table 3). Creatinine levels were similar in the 
three groups (table 3), but creatinine clearance was lower in 
the NS group than in the LR and PlasmaLyte groups at 15 h 
(Supplemental Digital Content, table S4, http://links.lww.
com/ALN/B303).

The NS group had a higher international normalized 
ratio than the LR group from 12 h and a higher activated 
partial thromboplastin time at 20 h (table 3).

Survival Time
The survival time of NS-treated animals was shorter than 
that of the LR group (17 [14 to 20] vs. 26 [23 to 29] h, P 
< 0.01) but not different from that of the PlasmaLyte group 
(20 [12 to 28], P = 0.74). The survival times in the LR and 
PlasmaLyte groups were similar (P = 0.38; fig. 3).

Discussion
We have demonstrated that NS administration during sep-
sis was associated not only with hyperchloremic acidosis but 
also with more severe systemic alterations, worse peripheral 
perfusion, greater impairment of the microcirculation, and 
more severe organ dysfunction, particularly compared to 
LR. NS administration was also associated with a shorter 
survival time compared to LR administration.

It is well established that NS infusion induces hyperchlo-
remic acidosis. A bolus of 50 ml of NS per kilogram resulted 
in a decrease in pH by a mean of 0.04 in healthy volunteers11 
and an infusion of 60 ml/kg over 2 h decreased pH to 7.28 in 
patients undergoing gynecologic surgery.5 In our study, the 
rapid increase in blood chloride levels and subsequent meta-
bolic acidosis seen with NS were related not only to the high 
chloride load but also to the lack of increase in renal chloride 
excretion. The same was true for sodium. These observations 
likely reflect the compensatory mechanisms (overstimula-
tion of the adrenergic system and the renin–angiotensin–
aldosterone axis) that occur during the initial phase of severe 
sepsis to maintain an appropriate effective intravascular vol-
ume29; during the late phases of sepsis, some degree of renal 
failure may also be involved.8

The high chloride load may be responsible for the 
observed differences in renal function between groups. In 
a classic experiment, Wilcox30 showed that hyperchlore-
mia induced renal vasoconstriction in a denervated and 
autotransplanted kidney in dogs. A recent study in human 
volunteers using magnetic resonance imaging showed that 
NS infusion, but not PlasmaLyte, decreased mean renal 
artery flow velocity and renal cortical tissue perfusion.7 
However, we did not observe any decrease in renal blood 
flow with NS, except when shock was already established, 
perhaps because the sepsis-induced vasodilation masked 
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the chloride-mediated renal vasoconstriction. In a hem-
orrhagic rat model, Aksu et al.31 demonstrated that there 
were only minor differences in renal blood flow and cor-
ticomedullary kidney perfusion between PlasmaLyte or 
NS resuscitation compared to the large effect of the acute 
hemorrhagic shock insult. Nevertheless, infusion of NS 
solutions has been associated with a worsening of renal 
function in animals8 and in patients.10 We observed that 
creatinine levels increased earlier and diuresis and creati-
nine clearance decreased more rapidly with NS compared 
to PlasmaLyte or LR administration, but these alterations 
may also have been secondary to the more severe global 
hemodynamic alterations.

The role of hyperchloremic acidosis in the development 
of hemodynamic instability is controversial. Early physi-
ologic studies on hydrochloric acid infusion in anesthetized 
dogs indicated that CO did not decrease until pH reached 
values less than 7.1.32 However, our animals are also exposed 
to a severe septic process, and under these conditions, aci-
dosis is not well tolerated. It is well known that the in vitro 
measured contractile tension of the smooth muscle of vessels 
decreases in proportion to the severity of acidosis,33,34 a pro-
cess partially mediated by an increase in nitric oxide.35 More-
over, in a cecal ligation and puncture model of peritonitis 
in rats, Kellum et al.36 reported a decrease in MAP when 
moderate hyperchloremic acidosis was induced. We found 

Table 2.  Time Course of Measured Peripheral Perfusion Variables

Variable Group

Time, h

0 4 8 12 16 20

Svfo2,% LR 79 (63–88) 70 (67–76) 66 (59–70) 63 (55–68) 51 (48–74) 58 (41–71)
PlasmaLyte 84 (73–91) 67 (52–73) 72 (43–84) 64 (43–72) 59 (36–71) 56 (43–59)
NS 84 (71–91) 78 (67–84) 62 (40–68) 54 (39–70) 44 (37–49) 66 (66–67)

NIRS StO2,% LR 78 (74–81) 74 (68–78) 69 (58–72) 61 (59–62) 57 (49–64) 49 (48–55)
PlasmaLyte 77 (73–78) 70 (60–74) 66 (54–73) 60 (59–69) 62 (49–68) 51 (34–52)
NS 79 (69–82) 70 (55–71) 59 (45–65) 45 (41–63) 43 (36–48)*† 46 (40–52)

fco2 gap, mmHg LR 6 (4–10) 8 (5–9) 9 (8–11) 9 (8–11) 10 (8–13) 11 (11–16)
PlasmaLyte 6 (4–9) 8 (6–10) 7 (7–14) 9 (9–18) 14 (11–16) 18 (15–35)
NS 4 (3–8) 6 (6–9) 13 (9–16) 16 (14–20)* 20 (18–36)* 15 (15–16)

Muscle lactate, 
mmol/l

LR 1.7 (1.6–4.2) 3.9 (1.1–4.6) 3.7 (1.3–4.4) 3.8 (1.4–4.4) 4.0 (1.4–5.3) 4.0 (2.1–8.4)
PlasmaLyte 3.0 (1.7–3.4) 3.0 (2.1–5.4) 3.8 (2.6–4.9) 5.7 (3.1–7.6)* 7.6 (5.3–7.9)* 8.7 (5.1–10.9)*
NS 2.3 (1.1–3.9) 3.2 (2.2–4.2) 3.2 (3–4.3) 5.2 (4.4–6.0)* 9.2 (8.6–11.7)* 11.7 (9.1–14.2)*

Muscle pyru-
vate, µmol/l

LR 110 (49–166) 131 (73–247) 185 (125–211) 159 (106–217) 29 (12–248) 42 (20–144)
PlasmaLyte 126 (43–149) 171 (48–225) 192 (51–310) 124 (110–358) 132 (95–234) 135 (63–166)
NS 48 (31–112) 66 (39–195) 85 (18–192) 146 (11–214) 119 (8–215) 72 (7–136)

Muscle L/P 
ratio, %

LR 28 (9–39) 19 (12–30) 20 (14–25) 26 (10–30) 40 (22–335) 48 (27–191)
PlasmaLyte 25 (17–50) 32 (15–44) 32 (11–64) 28 (19–72) 48 (33–62) 54 (37–348)
NS 35 (30–48) 31 (21–50) 35 (30–166) 31 (24–565) 89 (43–1,129) 722 (104–1,339)

All values are given as median (25th to 75th percentiles).
*P < 0.05 vs. LR group. †P < 0.05 vs. PlasmaLyte group.
fCO2 gap = femoral venoarterial Pco2 difference; L/P = lactate/pyruvate; LR = lactated Ringer’s; NIRS = near-infrared spectroscopy; NS = normal saline; 
StO2 = tissue oxygen saturation; SvfO2 = femoral vein hemoglobin oxygen saturation.

Fig. 2. Time course of sublingual microcirculatory variables. $P < 0.05 versus lactated Ringer’s group, µP < 0.05 versus Plasma-
Lyte group. PPV = proportion of perfused vessels; PPV HI = heterogeneity index of PPV; PVD = perfused vessel density.
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lower CI, SVI, and left ventricular stroke work index in the 
NS group from 8 h when changes in pH were only moder-
ate, a finding that suggests some degree of more severe septic 
cardiomyopathy. Unfortunately, we do not have data on car-
diac biomarkers or inflammatory molecules that could help 
explain the physiopathologic mechanisms of our findings.

Sepsis is associated with a decrease in capillary perfusion 
and an increase in the heterogeneity of perfusion during sep-
sis.37 Some data suggest that hyperchloremic acidosis may 
impair the microcirculation. In rabbit muscle microcircula-
tion, hyperchloremic acidosis induced by hydrochloric acid 

infusion resulted in an 18% narrowing of the capillary diam-
eter, probably related to endothelial cell swelling.38 In a rat 
model of bacterial peritonitis, NS infusion was associated 
with decreased microcirculatory blood flow in the liver and a 
reduced number of capillaries with flow in the liver and intes-
tine.19 Our data with SDF videomicroscopy indicate that 
sepsis was associated with more severe alterations when NS 
was administered compared to PlasmaLyte or LR, and these 
changes were mainly characterized by diminished capillary 
density with increased perfusion heterogeneity. We also col-
lected data on the peripheral regional blood flow (fco2 gap), 

Table 3.  Time Course of Renal, Coagulation, and Respiratory Variables

Variable Group

Time, h

0 4 8 12 16 20

Urine output,  
ml kg−1 h−1

LR — 0.9 (0.6–2.2) 1.3 (0.5–2.3) 1.2 (0.3–2.9) 0.2 (0.0–1.3) 0.1 (0.0–0.4)
PlasmaLyte — 1.5 (1.0–2.2) 1.6 (1.1–4.8) 1.2 (0.6–3.1) 0.7 (0.0–1.7) 0.2 (0.1–0.5)
NS — 0.9 (0.7–1.2)* 1.3 (0.2–2.7) 0.1 (0.0–0.4)*† 0.0 (0.0–0.1) 0.2 (0.0–0.4)

Creatinine, 
mg/dl

LR 0.9 (0.7–1.2) 0.8 (0.6–1.0) 0.9 (0.6–1.0) 1.1 (0.7–1.2) 1.4 (0.9–2.0) 2.0 (1.4–2.7)
PlasmaLyte 0.8 (0.7–0.9) 0.7 (0.6–0.8) 0.6 (0.5–0.7) 0.8 (0.5–0.9) 1.1 (0.7–1.7) 1.4 (1.2–1.7)
NS 0.7 (0.6–1.0) 0.7 (0.6–0.8) 0.7 (0.7–0.9) 1.2 (0.8–1.6) 2.0 (1.1–2.5) 1.5 (1.4–1.6)

Renal blood 
flow, ml/min

LR 243 (213–350) 220 (167–340) 190 (175–236) 150 (80–182) 74 (50–178) 75 (40–119)
PlasmaLyte 180 (130–310) 110 (100–190)† 80 (70–230) 40 (30–90) 25 (0–40) 15 (5–72.5)
NS 280 (240–310) 230 (190–250)* 150 (130–260) 60 (10–130) 20 (0–40)† 20 (20–20)†

aPTT, s LR 32 (28–36) 33 (32–41) 40 (35–47) 45 (40–53) 49 (40–59) 50 (40–61)
PlasmaLyte 31 (30–42) 35 (32–47) 41 (37–52) 52 (40–56) 58 (44–61) 50 (42–72)
NS 36 (24–42) 34 (27–42) 45 (37–47) 55 (46–55) 62 (50–135) 104 (58–150)†

INR LR 1.4 (1.3–1.4) 1.5 (1.4–1.6) 1.7 (1.6–1.7) 2.0 (1.9–2.0) 2.2 (2.2–2.4) 2.4 (2.4–2.7)
PlasmaLyte 1.4 (1.2–1.4) 1.5 (1.3–1.6) 1.7 (1.5–1.9) 1.8 (1.6–2.0) 2.3 (2.1–2.4) 2.8 (2.5–3.1)
NS 1.4 (1.3–1.5) 1.5 (1.4–1.5) 1.7 (1.6–1.8) 2.2 (1.9–2.7)† 2.7 (2.3–4.4)*† 2.7 (2.5–2.9)†

Airway plateau 
pressure,  
cm H2O

LR 24 (22–25) 25 (22–26) 25 (23–28) 27 (26–29) 28 (27–29) 29 (28–30)
PlasmaLyte 26 (22–28) 24 (23–26) 24 (23–26) 27 (25–28) 28 (26–29) 31 (27–36)
NS 24 (21–26) 25 (22–26) 25 (24–28) 29 (24–33) 32 (28–34) 33 (30–35)*

All values are given as median (25th to 75th percentiles).
*P < 0.05 vs. LR group. †P < 0.05 vs. PlasmaLyte group.
aPTT = activated partial thromboplastin time; INR = international normalized ratio; LR = lactated Ringer’s; NS = normal saline.

Fig. 3. Survival curves for the three cohorts.
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metabolism (muscle microdialysis, femoral vein hemoglobin 
oxygen saturation), and oxygen saturation in the skeletal 
muscle microcirculation (NIRS StO2), which were concor-
dant with the SDF findings and, when considered together, 
indicated decreased peripheral perfusion in the NS group. 
All these parameters were rapidly altered after sepsis induc-
tion, but the differences between groups were only clear once 
marked hemodynamic differences were established.

We also demonstrated more coagulation abnormalities in 
the NS group than in the other two groups. This finding is 
concordant with previous reports in nonseptic conditions, 
in which NS was associated with more severe coagulopa-
thy or increased blood losses than LR.6,39 In a recent meta-
analysis, we found increased blood loss and greater need for 
transfusion with NS than with LR in patients at high risk of 
bleeding.2

Survival time was markedly reduced with NS compared 
to LR but not compared to PlasmaLyte. In an early study in 
a pig model of severe hemorrhagic shock, Traverso et al.40 
reported a higher fatality rate with PlasmaLyte compared to 
NS or LR, perhaps related to the acetate or magnesium con-
tent of PlasmaLyte. Our data show that continuous Plasma-
Lyte infusions for prolonged periods led to some increase in 
magnesium levels, but still within normal limits. In a canine 
model of controlled right heart bypass, vascular tone was 
reduced by infusion of different acetate-containing solutions, 
even at low concentrations.41 Acetate administration has also 
been associated with hemodynamic instability in chroni-
cally16,42 and acutely43 ill patients undergoing hemodialysis. 
We did not observe differences in the expansion power dur-
ing a fluid challenge or lower systemic vascular resistance in 
the PlasmaLyte group but did transiently observe a decrease 
in oxygen transport in the PlasmaLyte group at 4 h, whereas 
in the other groups, it increased. Unexpectedly, we observed 
some decrease in renal blood flow in the PlasmaLyte group 
from the early phases, but the effects of acetate on renal blood 
flow are complex, with vasodilatation at low doses and vaso-
constriction with higher doses.44 In the PlasmaLyte group, 
we also observed an increased rate of hypokalemic episodes 
(mainly related to increased kaliuresis) and an early decrease 
in calcium levels (even when compared to NS). Rabinowitz 
et al.45 showed in sheep that renal excretion of potassium 
was increased with acetate infusion, but the mechanism was 
unclear. Magnesium supplementation may also contribute 
to the development of hypocalcemia.46

Our study has some limitations that should be consid-
ered when trying to extrapolate the results to clinical prac-
tice. First, we did not use vasoactive agents to avoid this 
confounding factor; however, if they had been administered, 
it is likely that the NS group would have received them ear-
lier than the other groups. Second, our results represent a 
condition in which hyperchloremic acidosis was severe and 
not compensated for by respiratory alkalosis; in clinical prac-
tice, physicians would likely have changed the fluid solution 
to limit the continued development of hyperchloremia or 

acidosis. Third, we included a limited number of animals 
per group, so the study potentially had insufficient power to 
detect some of the differences that may have existed between 
the fluids. For example, the survival curves for LR- and Plas-
maLyte-treated animals separated from 16 h favoring the LR 
group, but this did not reach statistical significance. This may 
also explain, in part, the lack of a discernable pattern over 
time for some of the variables. Finally, our animal model, 
in which there is a continuum from normality through sep-
sis to septic shock after the abdominal injection of bacteria, 
tries to mimic the hemodynamic features of human bacte-
rial peritonitis,47,48 resulting in decreased systemic vascular 
resistance and a maintained CO. Nevertheless, caution must 
be exercised when extrapolating results from animal mod-
els of sepsis to clinical sepsis because of the clear differences 
between these two settings (differences in use of sedation, 
anesthesia, antibiotics, infused fluid volumes, control of the 
infectious source, presence of comorbidities, genetic differ-
ences between species, etc.).49–51

In conclusion, in our clinically relevant model of sepsis, 
NS infusion induced hyperchloremic acidosis, created more 
hemodynamic instability, altered the peripheral perfusion, 
impaired the microcirculation, and increased renal and 
coagulation dysfunction, leading to a shorter survival time 
compared to LR. The hemodynamic differences were evident 
from the early stages of resuscitation (when pH and chloride 
were only slightly altered), suggesting caution when consid-
ering NS infusion in sepsis resuscitation. We also identified 
some potential disadvantages with PlasmaLyte administra-
tion, but larger population studies are needed before we can 
draw definite conclusions about its safety profile.
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