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IFA Commentary (MLNGM)
Buffered solutions are commonly used in medical settings to help maintain acid–
base balance in patients. The choice of buffer can impact the effectiveness and safety 
of the solution. The ideal solution to maintain pH should have a strong ion difference 
(SID) of around 24–28 mmol/L, whereas abnormal saline has a SID of zero and 
hereby can induce hyperchloremic metabolic acidosis. Lactate, malate, acetate, glu-
conate and pyruvate are all potential buffer choices for balanced solutions (Figure). 
The selection of a particular buffer is influenced by several factors, including pH, the 
desired buffering capacity and the safety profile of the buffer. Lactate is a commonly 

“Each time new experiments are observed to agree with the 
predictions, the theory survives and our confidence in it is 
increased; but if ever new observation is found to disagree, we 
have to abandon or modify the theory”

—Stephen Hawking,
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used buffer in balanced solutions. It has a pKa of 3.9, which allows it to buffer acidic 
conditions effectively. Lactate is also metabolized to bicarbonate in the liver, provid-
ing an additional mechanism for regulating acid–base balance. Malate is another 
buffer option with a pKa of 3.2. It can buffer both acidic and basic conditions effec-
tively and is metabolized in the liver to bicarbonate. However, malate can also 
increase aluminum absorption, which may be a concern for some patients. Acetate 
has a pKa of 4.8 and can buffer acidic conditions effectively. It is also metabolized 
in the liver to bicarbonate. Acetate is generally considered safe, but large doses may 
cause metabolic acidosis. Gluconate has a pKa of 4.4 and can buffer both acidic and 
basic conditions. It is metabolized to CO2 and water and is generally considered 
safe. However, gluconate can increase potassium levels, which may be a concern in 
patients with renal impairment. Pyruvate has a pKa of 2.5 and can buffer acidic 
conditions effectively. It is metabolized to bicarbonate in the liver and has been 
investigated for use in resuscitation fluids. However, high doses of pyruvate have 
been associated with hemodynamic instability and metabolic acidosis. Overall, the 
choice of buffer in balanced solutions should be based on the individual patient’s 
needs and safety profile. 

  

Learning Objectives
After reading this chapter, you will:

 1. Understand the importance of buffers in balanced solutions.
 2. Understand the role of different types of buffers in maintaining acid–base balance.
 3. Understand the potential benefits and drawbacks of different buffers in clinical 

settings.

S. K. Garg



483

 Introduction

The 2021 Surviving Sepsis Guidelines suggested an immediate resuscitation in a shocked 
patient, to maintain perfusion of tissues. Intravenous fluids are integral to the multimodal 
strategy used in resuscitation. Despite their widespread usage, there remains uncertainty 
about the relative safety of various intravenous fluids. “Normal” saline, i.e. 0.9% sodium 
chloride (NaCl) was developed by Dutch physiologist Dr. Hartog Jacob Hamburger around 
the 1900s and is classified as an unbuffered/unbalanced crystalloid [1, 2]. Despite its 
name, it is not physiologically normal due to its higher chloride concentration, and zero 
strong ion difference (SID) compared to plasma. The SID of the plasma is approximately 
40  mEq/l. As per the Stewart physiochemical approach, there is a net decrease in the 
plasma SID, after boluses of 0.9% NaCl, resulting in a non-anion gap metabolic acidosis. 
Non-anion gap acidosis engendered by 0.9% NaCl may lead to hyperkalemia, diminished 
renal perfusion and increased mortality. Sodium and chloride balance will be discussed in 
Chap. 23.

 Buffered/Balanced Crystalloids

Buffered/balanced crystalloids are designed to mimic the composition of human plasma. 
The key differences between 0.9% NaCl and buffered/balanced crystalloid solutions are 
the presence of physiological or near-physiological amounts of chloride, a nearly physio-
logical SID and also the presence of additional anions, such as lactate, acetate, malate and 
gluconate. These anions act as physiological buffers by generating bicarbonate on metabo-
lism. Despite physiological similarities of these solutions to human plasma, presently 
there is no ideal balanced or physiologically “normal” crystalloid (Table 24.1).

Case Vignette
Mr. X, aged 47 years, is admitted from the ED for the management of sepsis. He was 
resuscitated with 30 mL/kg of 0.9% normal saline. He was started on norepinephrine 
infusion as he was poorly responsive to fluids. Estimation of his right atrial pressure 
via inferior vena cava triggers many more liters of intravenous saline. His morning 
blood analysis results: Cl-120 mEq/L, HCO3–12 mEq/L, lactate-5.5 mEq/L. He was 
anuric, hypoxemic, acidemic and on high-flow oxygen via nasal cannulae.

What are the possible reasons for his metabolic acidosis? Are balanced solutions 
better than normal saline? Which balanced solution is preferable amongst those 
available?

24 Balanced Solutions: Choice of Buffer
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Buffered/balanced crystalloids are commonly used as both resuscitation and maintenance 
fluid in the emergency room, intensive care units and during elective and emergency surgery. 
Various buffered solutions are not biologically equivalent due to a variable concentration of 
ancillary cations (sodium, potassium, calcium, magnesium) in addition to differences in buff-
ering agents. Furthermore, a difference in osmolarity of various solutions is also an important 
practical consideration. As shown in Table-1, Ringer’s lactate (RL) and Ringer’s acetate (RA) 
are hypotonic solutions that can lead to post-resuscitation positive fluid balance, edema, 
weight gain and increase in intracranial pressure when used in larger volumes [3].

 Sodium Lactate vs Sodium Acetate Solution

In the 1880s, British physiologist Dr. Sydney Ringer demonstrated the influence of crys-
talloids on the ex vivo beating of a frog’s heart [4, 5]. This fluid was known as Ringer’s 
solution. Ringer’s solution was modified in 1932 by American pediatrician Dr. Alexis 
Hartmann by adding sodium lactate to act as a buffering agent in an effort to combat aci-
dosis [6, 7]. This fluid was popularized as sodium lactate or RL or Hartmann’s solution 
and may be considered the first balanced crystalloid. Lactated solution contains 2.7 mmol/l 
of calcium and and should not be mixed with blood or blood-related products. In fact, mix-
ing calcium containing solutions with some antibiotics like ceftriaxone can cause the pre-
cipitation asinsoluble ceftriaxone calcium salt [8]. Use this recent reference for 
compatibility of various solutions with balanced crystalloids. PMID: 32401743.

There is an abundance of human studies comparing 0.9% saline with balanced solutions 
but data is scarce for the comparison of various balanced solutions. To compare acetate with 
lactate: acetate is metabolized widely and more rapidly than lactate and is not entirely 
dependent on hepatic metabolism and patient age [9]. Also, acetate solutions are less liable 
to bacterial contamination when compared with lactate in peritoneal dialysate solutions 
[10]. In contrast to lactate metabolism, acetate metabolism is preserved in severe shock 
[11]. Acetate is also more alkalinizing than lactate, which may confer benefits in treating 
acidemic patients requiring fluid resuscitation. Acetate does not affect glucose or insulin 
concentration unlike lactate, which is converted to glucose via gluconeogenesis and can 
cause significant hyperglycemia especially in patients undergoing major surgery [12, 13].

Hypoxia and hypotension can occur in patients with chronic kidney disease dialyzed 
with solutions containing acetate because of increased nitric oxide synthesis [14–16]. 
Kirkendol RL et al., first reported that sodium acetate produced a dose-related decrease in 
cardiac contractility and blood pressure in dogs [17]. Initial reports by Kirkendol RL et al. 
conflicted with his own research showing that a slow infusion of acetate failed to cause 
adverse haemodynamic effects [18]. Two decades later, Jacob et al., also examined the 
effect of acetate on myocardial energy metabolism on isolated perfused rat heart and 
reported a negative effect on cardiac contractility [19].

There were no human studies to support these findings until Schrander-vd Meer AM, 
demonstrated the haemodynamic effects of acetate in patients undergoing high-volume 

24 Balanced Solutions: Choice of Buffer



486

renal replacement therapy (RRT) [20]. He concluded that acetate-associated vasodilata-
tion and negative inotropic effect led to haemodynamic instability in these patients.

In another crossover study on humans involving 12 patients undergoing hemo- 
diafiltration, Selby et al. demonstrated that exposure to acetate-free dialysate was associ-
ated with less deterioration in systemic haemodynamics, and less suppression of myocardial 
contractility [21].

In a recent study, RL and RA infusions were compared with regard to acid–base bal-
ance and haemodynamic stability in patients undergoing abdominal gynecologic surgery. 
Patients received a mean dose of 4054 ± 450 ml of either one or the other; there was no 
difference in terms of mean arterial blood pressure and norepinephrine requirements 
between the study groups. pH and serum HCO3- concentration decreased slightly but 
significantly only with RL [22].

Patients with liver disease pose a challenge to anaesthesiologists and intensivists; the fluid 
choice for resuscitation and maintenance is an important consideration. In a study of patients 
with cirrhosis undergoing general anaesthetic for elective surgery by Hatem A Attalla et al., 
RA was associated with significantly higher pyruvate levels and ketone bodies while lactate 
was higher in the RL group. pH, HCO3, base excess, liver function, blood glucose level and 
haemodynamic parameters were similar in both groups. These findings suggest that RA 
decreased the metabolic load to the liver and improved hepatic energy status in patients with 
liver dysfunction, so it may be more beneficial than RL as an intraoperative fluid [23].

In another study, Nakayama et al. studied the effect of RA and RL on intraoperative and 
postoperative haemodynamics, metabolism, blood gas and renal as well as liver function 
in patients undergoing hepatectomy. Intraoperative serum lactate levels increased signifi-
cantly in both groups however, postoperatively, lactate levels were significantly higher in 
the RL group [24].

In another interesting study, RA was compared with RL to find its usefulness in patients 
with liver dysfunction. Acid–base balance, electrolytes and liver function showed no sig-
nificant changes in any group. It was concluded that the status of liver dysfunction did not 
affect the metabolism of lactic acid and either RA or RL can be used as intraoperative 
maintenance fluid [25].

Hyperglycemia in the perioperative period results in increased morbidity and mortality 
[26]. Precipitating factors for hyperglycemia are stress response to surgery and anesthesia, 
intraoperative use of drugs, tissue damage and bleeding. There is a fear of using RL in the 
perioperative period because of the risk of lactate being converted to glucose especially in 
diabetic patients. A recent prospective, parallel group, observational study assessed the 
incidence of hyperglycemia, lactatemia and metabolic acidosis with the use of RL and RA 
in non-diabetic patients undergoing major head and neck free flap or abdominal surgery 
[27]. Intraoperative hyperglycemia was more frequent in RL group compared to RA group. 
RA group patients undergoing major abdominal surgery showed higher blood sugar com-
pared to free flap surgery. When the duration of surgery exceeded 6 h, acetate-based solu-
tions resulted in significantly higher lactate levels with progressive metabolic acidosis.

In conclusion, RL and RA are comparable in terms of haemodynamic stability and 
acid–base status. Longer surgery duration resulted in significantly higher lactate levels 
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with progressive metabolic acidosis when using acetate-based fluids. RL and RA can both 
be used as intraoperative maintenance fluid in patients with liver dysfunction. 
Hyperglycemia was variable with different types of surgical procedures.

 Acetate and Gluconate Buffered Solutions

This is an isotonic, buffered intravenous crystalloid solution with a physiochemical com-
position that closely reflects human plasma. Unlike RL, which contains calcium; acetate 
and gluconate-based buffered solution are calcium-free and therefore compatible with 
blood and blood components.

These solutions contain 23 mmol/L of gluconate. Little is known about the clinical 
significance of gluconate. Approximately 80% of gluconate is eliminated via renal mecha-
nisms. As gluconate plays a role in the galactomannan antigenicity, patients receiving 
Plasma-Lyte®-148 (PL-148) may test false positive for the galactomannan antigen lasting 
up to 24 h [28, 29].

It is unclear if PL-148 will lead to an increase in unmeasured anions when given in 
large quantities. In an Australian study, TJ Morgan compared bicarbonate-based balanced 
fluid with PL-148 for cardiopulmonary bypass circuit priming. With the trial fluid, meta-
bolic acid–base status was normal, whereas PL-148 triggered a surge of unmeasured 
anions persisting throughout bypass, and produced a slight metabolic acidosis without a 
clear clinical significance [30].

In a similar study by Davies et al, it was observed that when PL-148 was administered 
as a cardiopulmonary bypass pump-prime fluid, there were supra-physiologic plasma lev-
els of acetate and gluconate when compared to a bicarbonate pump priming solution. The 
implications of supra-physiological gluconate and acetate levels remain undetermined [31].

The development of metabolic acidosis is well recognized during cardiopulmonary bypass. 
It is postulated that PL-148 will not lead to acidosis compared to RL as a priming fluid. In a 
prospective, double blind, randomized control trial on 22 patients undergoing cardiopulmo-
nary bypass for coronary artery bypass surgery, Liskaser et al. compared Haemaccel-Ringer’s 
and PL-148 as a priming fluid for the development of acidosis [32]. All patients developed a 
metabolic acidosis and the decrease in base excess was the same for both primers, although 
with different mechanisms of acidosis viz hyperchloremic with Haemaccel-Ringer’s and 
increase in unmeasured anions (most probably acetate and gluconate) with PL-148.

For patients undergoing major liver surgery, use of lactate-free solutions may be benefi-
cial. Shin WJ et al., compared the effects of RL and PL-148 on liver functions and serum 
lactate in living donors undergoing right hepatectomy. The lactate concentrations was sig-
nificantly higher in the RL group than in the PL-148 group, 1 h postoperatively. In addition, 
albumin levels were significantly lower and the peak total bilirubin concentration and pro-
thrombin time were significantly higher in the RL group. However, these changes did not 
persist beyond the first or second postoperative days [33].

24 Balanced Solutions: Choice of Buffer
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A similar multicenter, prospective, double-blind randomized controlled trial by 
Weinberg L et al compared the effects of Hartman solution (HS) with PL-148 in patients 
undergoing major liver resection. Patients treated with HS were more hyperchloremic, 
hyperlactatemic and also lost more blood. Mean PT and aPTT were significantly lower 
and haemoglobin was higher, immediately after surgery in the PL-148 group. There were 
no significant differences in pH, bicarbonate, albumin and phosphate levels [34].

There is little data to compare various buffered solutions peri-operatively for renal 
transplantation. Normal saline is widely advocated as it is potassium free, however recent 
evidence suggests that balanced solutions may be more appropriate. In a double-blind 
study, the effect of different crystalloids on acid–base balance and early kidney function 
postrenal transplant was studied by Hadimioglu et al. Patients were randomized to three 
groups to receive either normal saline, RL or PL-148. There was a statistically significant 
decrease in pH and base excess and a significant increase in serum chloride in patients 
receiving saline during surgery. Lactate levels increased significantly in patients who 
received RL.  No significant changes in acid-base balance or lactate levels occurred in 
patients who received PL-148 [35].

There are few studies that have monitored changes in cognitive functioning as a result 
of infusion of different buffered solutions. In a recent Indian study, Jigyasa Shahani et al. 
compared the cerebral-protective effects of RL and gluconate-based buffered solution 
(Kabilyte) in patients undergoing cardiopulmonary bypass. There was no significant dif-
ference between the preoperative and postoperative cognitive test scores in both 
groups [36].

In conclusion, RL and gluconate-based buffered solutions are comparable in terms of 
metabolic acid–base status and cognitive function in patients undergoing cardiopulmonary 
bypass. The surge of unmeasured anions remains clinically non-relevant. Use of gluconate- 
based buffered solutions does not appear to be of benefit in patients undergoing liver 
surgery.

Whether the use of balanced multi-electrolyte solution (PL-148) in preference to 0.9% 
sodium chloride solution (saline) in critically ill patients reduces the risk of acute kidney 
injury or death is uncertain. Simon Finfer et al compared the efficacy of PL-148 with saline 
as fluid therapy in the intensive care unit (ICU) for 90 days in a multicenter, prospective, 
doubleblind randomized controlled trial. Death within 90 days after randomization occurred 
in 21.8% in the PL-148 group versus 22.0% in the saline group (P=0.90), which was statisti-
cally non-significant. New renal-replacement therapy was initiated in 12.7% in the PL-148 
group versus 12.9% in the saline group, which was also non-significant. The mean (±SD) 
maximum increase in serum creatinine level was 0.41±1.06 mg per deciliter (36.6±94.0 
μmol per liter) in the PL-148 group and 0.41±1.02 mg per deciliter (36.1±90.0 μmol per 
liter) in the saline group, for a difference of 0.01 mg per deciliter. The number of adverse and 
serious adverse events did not differ meaningfully between the groups. Authors found no 
evidence that the risk of death or acute kidney injury among critically ill adults in the ICU 
was lower with the use of PL-148 than with saline [37]. 
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 Acetate and Malate Buffered Solutions

Malate is a citric acid cycle intermediate. It is a standard component in resuscitation and 
maintenance fluid therapy for a wide range of patients, e.g. sepsis, trauma, perioperative 
and critically ill patients. Data is insufficient regarding its plasma distribution, renal excre-
tion and metabolism after intravenous injection except from a small number of animal 
studies. The liver is an important consumer of malate [38]; the kidneys also play an impor-
tant role in malate metabolism.

Intraoperative fluid management continues to be a daily challenge in anesthetic prac-
tice. Various buffered solutions have different effects on acid–base status, electrolyte lev-
els, coagulation and renal and hepatic function. A recent study by Morgan TJ et  al., 
compared the influence of RL and malate buffered solution (Sterofundin) on acid–base 
changes, haemodynamics and readiness for extubation on 30 consecutive children under-
going scoliosis surgery. There was no statistically significant difference in the volume of 
infused fluid and changes in pH. The strong ion difference was decreased in both groups, 
though it normalized earlier with Sterofundin [39]. What about other primary outcomes?

In another recent study on children, RL was compared with Sterofundin in terms of 
intraoperative acid-base and electrolytes status. A total of 30 children aged between 1 and 
13 years were randomized. In the RL group, the mean difference in pH between the base-
line and end of surgery was statistically significant. The mean difference in base excess 
was similar in both groups [40].

A prospective, randomized, controlled trial assessed the effects of using Sterofundin or 
RL as the intraoperative fluid in patients undergoing major head and neck surgery with 
free flap reconstruction. Intraoperative lactate levels were significantly high in the RL 
group at 2, 4, 6, and 8 h. The pH was comparable between groups except at 8 h where the 
RL group had a significantly lower pH than the Sterofundin group. There was no signifi-
cant difference between both groups in terms of sodium, potassium, chloride, bicarbonate 
and pCO2 levels [41].

In conclusion, RL and Sterofundin are comparable in terms of acid–base physiology 
and electrolytes in adults but Sterofundin is better in pediatric patients undergoing major 
surgery. Also, use of Sterofundin reduced lactate levels in comparison with RL in patients 
undergoing prolonged surgery.

There are no human studies comparing the four balanced crystalloids as resuscitation 
fluid; a single large study in animals was performed in the late 80 s. This compared the 
ability of four balanced crystalloid solutions (normal saline, RL, Plasma Lyte-A and 
Plasma Lyte-R) to prevent death after a fatal haemorrhage to simulate human exsangui-
nation in unanesthetized swine. Swine were randomized to receive crystalloids at differ-
ent percentages of replacement. The percentages of blood lost were replaced with 14% 
normal saline in 5 minutes, 100% normal saline in 20 minutes, and 300% normal saline, 
RL, Plasma Lyte-A and Plasma Lyte-R [42]. RL provided the best survival rate of 67% 
compared to 30% with Plasma-Lyte-A. After an analysis of arterial blood gas, lactate, 
acid- base, heart rate and aortic pressure measurements, it was concluded that RL is the 
superior crystalloid because of its decreased chloride load (compared to normal saline) 
and the absence of acetate or magnesium (compared to Plasma-Lyte-14).

24 Balanced Solutions: Choice of Buffer
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 Conclusion

It is unlikely that one balanced solution is better than another in this situation. Ideally, the 
choice of fluid for resuscitation/maintenance should be individualized qualitatively, e.g. a 
particular fluid for a specific type of surgery and quantitatively, e.g. an appropriate amount 
at the appropriate time and at the appropriate rate. Results from single-center studies 
should be viewed with caution before making any clinical decision based on these. There 
is a strong need for multi-center trials comparing various balanced solutions such as resus-
citation and /or maintenance fluid.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter's Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder.
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