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Background
Patients with diabetic ketoacidosis (DKA) present with metabolic acidosis, which is 
assumed to be due to the accumulation of ketoacids and, sometimes, lactate. The treat-
ment of DKA includes infusion with isotonic saline. The surplus of chloride ions in this 
fluid is believed to cause hyperchloremic acidosis, which makes the metabolic acidosis 
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difficult to reverse [1]. Alternatively, the development of hyperchloremic acidosis during 
the treatment of DKA is explained by renal retention of chloride due to a lack of bicarbo-
nate [2] or a preferential excretion of ketones [3].

According to the Stewart approach to acid–base disorders, chloride (Cl) affects acidity 
by being the principal negative ion component of the “strong ion difference” (SID). The 
main positively charged component is sodium (Na). Acidosis develops if the difference 
between [Na+] and [Cl−] (Na–Cl gap) is decreased to below normal, which is approxi-
mately 38 mmol/L [4]. Such a decrease in SID can result from the infusion of fluid with 
a small or non-existent Na–Cl gap, such as saline. A similar decrease in SID is achieved 
by increasing the water content of the plasma because SID is related to absolute differ-
ences between plasma electrolyte concentrations. For example, if plasma with a sodium 
concentration of 140 mmol/L and a chloride concentration of 100 mmol/L (Na–Cl gap 
40) is diluted by 10%, the new sodium concentration will be 127 mmol/L, and the new 
chloride concentration will be 91 mmol/L. The resulting Na–Cl gap is 36, which repre-
sents a reduction of SID.

Plasma volume is invariably decreased in severe DKA. Mathematically, this will 
increase the Na–Cl gap and counteract acidosis. An alternative but older explanation for 
this phenomenon of “contraction alkalosis” is that the plasma bicarbonate concentration 
increases when water is lost from the extracellular fluid volume [5].

The intravenous fluid therapy that is mandatory in DKA increases the water content of 
the extracellular fluid, which, in itself, decreases the Na–Cl gap. However, the summary 
effect of fluid therapy is complex because an infusion dilutes the concentrations of weak 
and strong acids and may also decrease the lactate concentration by improving tissue 
perfusion. Such events could potentially compensate for the decreasing Na–Cl gap.

The purpose of the present study was to outline the effect of plasma volume expansion 
on acid–base status during the treatment of DKA in intensive care patients.

Methods
The present analysis is a prespecified secondary publication of a prospective non-rand-
omized clinical study of fluid therapy in DKA [6]. The specific aim of this study was to 
outline the effect of plasma volume expansion on acid–base status during the treatment 
of DKA.

Seventeen adult patients with DKA, clinically defined as ICU-requiring severe hyper-
glycemia, who were admitted to the intensive care unit (ICU) of Vrinnevi Hospital, 
Norrköping, Sweden, were enrolled in a study analyzing the distribution of infusion flu-
ids. The study was approved by the Regional Ethics Committee of Linköping (2014/123–
31) and registered at clinicaltrials.gov (NCT02172092). Each patient provided oral and 
written consent for participation. Fourteen patients participated in the experiment on 
both study days, and only these patients were used in the present analysis.

Fluid therapy and measurements

After arrival in the ICU, 1 L of 0.9% saline was infused intravenously over 30 min (Day 
1), which was repeated on the day after admission (Day 2). Further fluid resuscitation 
was withheld until 30 min after the first infusion, then using Ringer’s acetate.
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Arterial blood was sampled every 10  min from the start of the saline infusion. We 
report the biochemical data obtained just before the infusion started and at the infu-
sion. Blood pH, PaCO2, base excess (BE) and the plasma concentrations of bicarbonate 
(HCO3) glucose, sodium (Na), potassium (K), and lactate were analyzed using a Radiom-
eter ABL 800 FLEX blood gas machine (Radiometer Medical, Copenhagen, Denmark). 
The hematocrit (Hct) and the plasma concentrations of chloride (Cl), magnesium (Mg), 
calcium (Ca) and albumin were measured on a COBAS 8000 platform (Roche Inc., Man-
nheim, Germany).

The patients had received a bladder catheter through which the excreted urine was 
collected, measured, and sampled at 3 h. The urinary concentrations of Na, Cl, K, Mg, 
and glucose concentrations were measured on the COBAS 8000. The excretion of elec-
trolytes and glucose was taken as the product of the urine volume and the urinary con-
centration of the solute in question.

Calculations

We compared plasma variables at four points in time, which were denoted t1 to t4. They 
represented t1 = before the infusion on Day 1, t2 = at the end of the infusion on Day 1, 
t3 = before the infusion on Day 2, and t4 = at the end of the infusion on Day 2. At t3, 
patients had been fluid resuscitated since the day before, and therefore patients were 
considered to have normal plasma volume at this time. Hence, the Hb concentration 
and the Hct measured at t3 were considered to reflect intravascular normovolemia (“late 
baseline”). Total erythrocyte volume was assumed to be constant.

The relative change in plasma volume (ΔPV) before the first saline infusion as com-
pared to the late baseline reflected the hypovolemia that was present on arrival at the 
ICU and was calculated as follows:

where the terms that include Hct convert hemodilution into plasma dilution. The ΔPV 
caused by the infusions was calculated in the same way, but then comparing the Hb and 
Hct measured just before and at the end of the infusion.

To define a normal Na–Cl gap, normal [Na+] was defined as the middle of the local 
laboratory reference interval (137–145  mmol/L), i.e., 141  mmol/L. Likewise, normal 
[Cl−] was defined as the middle of the laboratory reference interval (98–109 mmol/L), 
i.e., 104 mmol/L. The normal Na–Cl gap was thus calculated as 37 mmol/L.

We calculated the virtual Na–Cl gap at t1 that would be expected if patients had been 
normovolemic upon admission to the ICU (at time t1). This was done by restoring PV to 
the “late baseline” (time t3) by infusing a theoretical volume of water. The virtual Na–Cl 
gap was then obtained as follows:

“Other ions” (OI) were calculated as described by Story [7], slightly modi-
fied for local normal values. Measured base excess is partitioned into changes in 
sodium and chloride, lactate, albumin and other ions as compared to normal. Hence, 
OI = BE – ([Na+] – [Cl−] – 37) – (1.5 – [lactate]) – (0.25 (42 – [albumin])).

�PV = 1−[(Hb3/Hb1)× (1−Hct1)/(1−Hct3)]

′′Virtual′′ Na - Cl gap, t1 = (P - Na1−P - Cl1)× (1−�PV)
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Statistics

Results are expressed as mean ± SD unless otherwise noted. Normality was assessed 
using the Kolmogorov–Smirnov test. Differences between measurements were evalu-
ated using a Student’s t-test or the Wilcoxon signed-rank rank test for related samples, 
as appropriate. Occasional missing values were imputed by taking the mean of the two 
most adjacent values. Statistica version 13.5.0.17 (TIBCO Software Inc., Palo Alto, Cali-
fornia, USA) was used for statistical analyses.

Results
The patient data were collected between 2014 and 2019. The mean age of the finally 
included 14 patients was 51 years (range 18–86), and their body weight averaged 73 kg 
(range 55–92 kg). Original data are provided in Additional file 1.

A bedside test for ketones in capillary blood resulted in a concentration of 
5.2 ± 2.0 mmol/L upon arrival at the emergency department. The first glucose concen-
tration in arterial plasma obtained in the ICU was 35 ± 9 mmol/L.

Upon inclusion, BE was − 16 ± 7  mmol/L, and the actual Na–Cl gap was 
39 ± 5 mmol/L. Group data for the Na–Cl gap before and after fluid infusions are shown 
in Fig. 1, and individual values are shown in Additional file 2.

Correcting the Na–Cl gap for hypovolemia

Before the first infusion, ten patients had Na–Cl gaps > 37 (increased), and four patients 
had Na–Cl gaps < 37 (decreased). Thus, most patients presented with an increased Na–
Cl gap, causing alkalosis, which partly countered the effect of the metabolic acidosis 
caused by DKA.

Fig. 1  Distribution of Na–Cl gap values. Boxplot showing values for the Na–Cl gap during the experiment. t1 
at admission to intensive care, t1corr the same values after correction for hypovolemia, t2 values at the end of a 
1 L infusion of 0.9% saline over 30 min on Day 1, t3 and t4 values before and just after infusion of another liter 
of saline on Day 2. At t3, patients were considered to be normovolemic. Horizontal bar represents the Na–Cl 
gap defined as normal, i.e., 37 mmol/L
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The calculated deficit in plasma volume upon inclusion was estimated to be 25 ± 13%. 
After correcting for this hypovolemia, as many as 13 out of the 14 patients would have 
a “virtual” Na–Cl gap below 37  mmol/L; the group value would be 29 ± 5  mmol/L 
(P < 0.001, as compared to the uncorrected value, which was 39 ± 5 mmol/L).

Na–Cl gap responses to 0.9% saline

On Day 1, the plasma volume increased by 16 ± 7%, while the Na–Cl gap decreased by 
4 ± 3 mmol/L in response to the infusion of 1 L of saline. However, BE did not change, 
due to concomitant dilution of albumin, lactate, and OI.

The total amount of administered fluid between the beginning of the study on Day 1 
and up to the second infusion (on Day 2) amounted to 6.9 ± 1.9 L. The infused fluid con-
sisted of Ringer´s acetate solution except for the experimental infusion on Day 1.

On Day 2, before the saline infusion, the actual Na–Cl gap was below the normal value 
(37 mmol/L) in 11 of the 14 patients. During the infusion, plasma volume increased by 
12 ± 7%, which was no different from the increase on Day 1 (P = 0.09). The Na–Cl gap 
then decreased by a further 3 ± 2 mmol/L. As shown in Table 1, BE decreased signifi-
cantly during the second infusion because the concomitant fluctuations in the concen-
trations of albumin, lactate, and OI were small as compared to those on Day 1.

Kidney function

Plasma creatinine before the DKA episode was available in 12 patients and was within 
the normal range in all cases (< 115 µmol/L), but on the high side in three of them (100, 
100, and 111  µmol/L). Plasma creatinine was transiently elevated during the hospital 
episode with a maximum of 117 ± 51 µmol/L on admission to the ICU (Table 1). By con-
trast, all values were normal during the post-ICU follow-up (66 ± 19 µmol/L).

The urinary excretion of sodium exceeded the chloride excretion during the first infu-
sion experiment (P = 0.002), which would decrease the Na–Cl gap, while these elec-
trolytes were excreted in more similar amounts during and after the second infusion 
(Table 1).

Discussion
Key findings

The experimental setup of the study, with controlled fluid infusions and the repeated 
sampling of acid–base parameters, hemoglobin, and electrolytes, made it possible 
to reveal the relationship between the acid–base status and relative changes in PV in 
patients with DKA. The contribution of changes in the Na–Cl gap to metabolic aci-
dosis upon admission appeared to be limited at first sight. Most patients even had an 
increased Na–Cl gap, which partly countered the acidosis caused by ketoacids. However, 
after correcting for hypovolemia, almost all patients had a decreased Na–Cl gap. Thus, 
hypovolemia masks significant deviations in the Na–Cl gap in DKA.

Clinical implications

Our findings suggest that the commonly described phenomenon of progressive 
hyperchloremic acidosis during the treatment of DKA may not be primarily caused by 
chloride-rich resuscitation fluids or by renal retention of chloride. Instead, a masked, 
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low Na–Cl gap is already present initially and is then revealed by the restoration of 
the intravascular volume.

This phenomenon can be expected to be pronounced when plasma volume is 
expanded by infusion fluids with a Na–Cl gap of zero, irrespective of the absolute 
amount of chloride in the solution. According to the Stewart paradigm, an infusion 
of saline has the same effect on SID, BE, and pH as an infusion of only water because 
they have the same effect on the Na–Cl gap. In our study, an infusion of saline sig-
nificantly decreased the Na–Cl gap, but its effect on BE was offset by the dilution of 
albumin, lactate, and OI.

A simple calculation supports our view that the surplus of chloride in 0.9% saline can-
not cause acidosis without a concomitant change in extracellular fluid volume. In the 
present study, the initial Na and Cl concentrations were 132 and 93  mmol/L, respec-
tively. A volume deficit of 25% indicates that the extracellular fluid volume would be 
approximately 11 L, and its content in terms of Na and Cl ions would then be 1452 and 
1023 mmol, respectively. Using mass balance, the Na–Cl gap will remain at 39 mmol/L, 

Table 1  Biochemical parameters and derived parameters just before and after the saline infusions 
on Days 1 and 2 (blood) and from just before to 2.5 h after the saline infusions (urine)

Blood data are reported as mean ± SD and the urine data as the median (25th–75th percentiles)
1  TCO2 was calculated as [aHCO3

-] (mmol/L) + 0.03 * PaCO2 (torr)
2   The Anion Gap was calculated as ([Na]+[K]+2[Ca]+2[Mg])-([Cl]+[HCO3]+[Lactate])

Day 1 Day 2

Before After P Before After P

Glucose (mmol/L) 34.8 ± 9.3 31.2 ± 8.2  < 0.001 14.5 ± 2.9 13.9 ± 3.1 0.042

Creatinine (µmol/L) 117 ± 51 114 + 53 0.008 78 + 33 67 ± 29 0.02

pH (pH units) 7.24 ± 0.09 7.23 ± 0.08 0.06 7.40 ± 0.07 7.39 ± 0.08 0.002

PaCO2 (torr) 23 ± 9 25 ± 10 0.16 32 ± 6 32 ± 7 0.34

PaCO2 (kPa) 3.1 ± 1.2 3.3 ± 1.3 0.16 4.2 ± 0.8 4.3 ± 0.9 0.34

aHCO3 (mmol/L) 11 ± 6 11 ± 6 0.87 20 ± 5 19 ± 5 0.019

TCO2 (mmol/L) 1 11 ± 6 11 ± 6 0.7 21 ± 5 20 ± 5 0.027

BE (mmol/L) − 16 ± 7 − 16 ± 7 0.83 −4 ± 6 −5 ± 5 0.004

P-K (mmol/L) 5.0 ± 0.6 4.7 ± 0.5 0.002 3.9 ± 0.5 3.7 ± 0.5 0.034

P-Na (mmol/L) 132 ± 6 134 ± 6 0.013 138 ± 6 137 ± 6 0.07

P-Cl (mmol/L) 93 ± 6 98 ± 6  < 0.001 105 ± 7 107 ± 7  < 0.001

∆ Na–Cl (mmol/L) 39 ± 5 36 ± 4  < 0.001 33 ± 5 30 ± 5  < 0.001

Lactate (mmol/L) 1.7 ± 0.6 1.3 ± 0.4  < 0.001 0.9 ± 0.5 0.8 ± 0.4 0.031

Anion Gap (mEq/L)2 37 ± 9 33 ± 9 0.001 20 ± 5 18 ± 6 0.006

Albumin (g/L) 40 ± 9 36 ± 8  < 0.001 31 ± 5 27 ± 5  < 0.001

Other ions (mEq/L) − 18 ± 9 −16 ± 9 0.016 −3 ± 5 −3 ± 5 0.26

Hb (g/L 148 ± 27 136 ± 24  < 0.001 124 ± 21 115 ± 17  < 0.001

Hct (%) 45 ± 8 42 ± 7  < 0.001 38 ± 6 36 ± 5  < 0.001

Urinary excretion 0–3 h
Volume (mL) 893 (650–1180) 360 (250–560) 0.004

Na (mmol) 57 (33–77) 41 (15–52) 0.36

Cl (mmol) 25 (15–51) 50 (20–90) 0.18

K (mmol) 17 (11–23) 11 (7–16) 0.33

Mg (mmol) 1.4 (0.9–1.7) 1.1 (0.7–1.5) 0.68

Glucose (mmol) 148 (100–245) 51 (4–73)  < 0.002
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regardless of how many equal amounts of Na and Cl are added, provided that the 
increased amounts are dispersed in 11 L of fluid.

The use of infusion fluids with a normal or even supraphysiological Na–Cl gap can 
be expected to mitigate or even compensate for the decrease in the Na–Cl gap caused 
by plasma volume expansion. This would, at least in theory, support the use of solu-
tions such as Plasma-Lyte 148 (Baxter Inc., Springfield, Illinois, USA) for resuscitation in 
DKA, even in patients presenting with normal or even increased Na–Cl gaps. We used 1 
L of 0.9% saline during the experiments, while Ringer’s acetate was used for resuscitation 
between the experimental infusions. This initial saline infusion was intended to counter-
act the high incidence of hyponatremia on admission. However, Ringer’s acetate has a 
SID of 30 which is still lower than plasma and this infusion fluid is, therefore, not able to 
correct a low Na–Cl gap.

This also explains why the Na–Cl gap at t3 (assuming normovolemia) was larger than 
the “virtual Na–Cl gap” at t1. The latter was calculated by hypothetically expanding the 
PV at t1 with water until it was equal to the PV at t3. This “virtual Na–Cl gap” then quan-
tifies the impact of loss of plasma water per se on the Na–Cl gap or, in other words, the 
decrease of the Na–Cl gap that can be expected solely by normalizing plasma volume. 
However, the actual Na–Cl gap between Day 1 and Day 2 changed not only because of 
PV expansion, which decreased the Na–Cl gap, but also because a resuscitation fluid 
with a SID higher than 0 (Ringer’s acetate) mitigated the decrease of the gap. Surpris-
ingly, the kidneys initially  decreased the gap on Day 1 by excreting relatively more Na 
than Cl. The summary effect of these factors yielded the actual Na–Cl gap at t3 being 
larger than the “virtual Na–Cl gap” at t1.

The Stewart approach holds that pH is determined by SID and the plasma concen-
trations of weak acids and PaCO2. It provides a clear picture of the intimate relation 
between changes in serum electrolyte concentrations and changes in pH. This informa-
tion is not provided by the traditionally used Henderson–Hasselbalch equation which, 
in our material, would show the reduced metabolic acidosis between Day 1 and 2 but 
not indicating that the acidosis would be worsened by a decreased Na–Cl gap. The Hen-
derson–Hasselbalch equation is still valid but is, according to the Stewart approach, of 
minor importance since it only describes how pH and bicarbonate as dependent entities 
relate to changes in the independent entity PaCO2.

Literature

Most studies comparing the rate of correction of the acid–base balance in DKA have 
found small differences between the use of 0.9% saline and balanced crystalloid fluids for 
resuscitation, and many of these studies have been observational.

Van Zyl et al. reported faster normalization of pH with Ringer’s lactate as compared to 
saline in a randomized trial with 54 patients; however, the difference did not reach sig-
nificance [8]. The time required for DKA to resolve was shorter with Plasma-Lyte 148 as 
compared to saline in a study with 66 pediatric patients, but here as well, the difference 
did not reach statistical significance [9]. Self et al. reported a speedier resolution of DKA 
with Ringer’s lactate or Plasma-Lyte 148 in a sub-study of a randomized trial involving 
172 adult patients [10]. In a retrospective analysis, Oliver et al. found a faster increase 
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in pH in 84 DKA patients who received fluid resuscitation with Plasma-Lyte instead of 
saline, but the time to resolution did not differ [11].

Two randomized trials comparing saline with Plasma-Lyte 148 in 45 and 90 patients 
showed faster normalization of acidosis [1, 12]. These findings, as well as a reduced 
length of stay in patients treated with Plasma-Lyte 148, were recently confirmed in a 
meta-analysis [13]. Unfortunately, specific data on the course of the Na–Cl gap are lack-
ing in these reports, and a larger trial is needed to establish whether Plasma-Lyte 148 is 
beneficial in DKA.

Other contributors to the acid–base balance

The changes in acid–base balance between Day 1 and 2 are not only related to the com-
position of the resuscitation fluids used, but also internal factors, such as renal home-
ostasis. Moreover, metabolic changes affecting SID during treatment for DKA are not 
limited to changes in the Na–Cl gap. The concentrations of other strong ions, such as 
potassium and lactate, will also change, though to a lesser degree. Blood ketones (which 
are negative anions) were only measured on admission to the ICU but can be assumed 
to have decreased during treatment. This is reflected in the substantial decrease in other 
ions in the cohort, as well as in decreases in the strong ion gap (SIG), as reported by oth-
ers [14, 15].

Most patients presented with elevated plasma albumin, although a few showed low 
values, which resulted in a low-normal average for the entire cohort. Hypoalbumine-
mia was common after the plasma volume had been restored, which at least temporarily 
contributes to the decrease in metabolic acidosis because albumin is a weak acid [16].

Limitations

The number of included patients was small, and some patients could have received small 
amounts of fluids before admission to the ICU. Sodium was analyzed using a direct 
ion-selective electrode (ISE) method. However, this method was not available for chlo-
ride when the present study was performed, which forced us to rely on the indirect ISE 
method. This method involves dilution, whereby measurement errors can occur due to 
abnormal plasma concentrations of proteins and lipids [17]. This could also explain why 
our “normal” Na–Cl gap was slightly higher than those usually described. Blood gas ana-
lyzers generally report slightly higher chloride values as compared to standard electro-
lyte analyzers, resulting in smaller normal values for the Na–Cl gap [18].

The use of absolute numbers instead of ranges for normal values for electrolytes and 
albumin can be questioned. Electrolyte concentrations can fluctuate slightly around 
the normal value without being considered pathological. However, the actual normal 
range for SID (and, thus, its principal component, the Na–Cl gap) is much smaller than 
theoretically possible based on the normal ranges of sodium and chloride [19]. Further, 
according to the Stewart paradigm, every mmol/L increase or decrease in the Na–Cl gap 
will cause a concomitant change in BE of 1 mmol/L.

We are aware that the equation used for the calculation of OI that is described by Story 
[7] is an approximation. For example, this equation does not account for the fact that the 
albumin charge slightly changes with pH [20]. However, we have no reason to suspect 
that these limitations significantly affect our findings.
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Our calculations assume that erythrocyte volume is constant throughout the exper-
iment and that the plasma volume at t3 reflects intravascular normovolemia. We 
did not measure total urinary excretion of electrolytes such as sodium and chloride, 
which could have provided more information on the renal contribution of the acid–
base status.

Conclusions
A low initial Na–Cl gap that causes acidosis in patients with DKA is masked by a low 
plasma volume. Volume expansion unmasks this electrolyte disorder, which makes 
the reversal of metabolic acidosis more difficult. Our findings present a novel expla-
nation for the commonly observed development of hyperchloremic acidosis during 
the treatment of DKA.

Abbreviations
BE	� Base excess
DKA	� Diabetic ketoacidosis
Hb	� Hemoglobin
Hct	� Hematocrit
ICU	� Intensive care unit
ISE	� Ion-selective electrode
OI	� Other ions
PV	� Plasma volume
SID	� Strong ion difference

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40635-​022-​00464-5.

Additional file 1. Individual demographic and biochemical data for the 14 studied patients with diabteic 
ketoacidosis.

Additional file 2. Individual data for the Na-Cl gap during the study. t1 at admission to intensive care, t1corr the same 
values after correction for hypovolemia, t2 values at the end of a 1 liter infusion of 0.9% saline over 30 min on Day 
1, t3 and t4 values before and after infusion of another liter of saline on Day 2. At3t, patients were considered to be 
normovolemic. Horizontal bar represents the Na-Cl gap defined as normal, i.e., 37 mmol/L.

Acknowledgements
Not applicable.

Author contributions
RS designed the study, was responsible for data acquisition, and edited the manuscript. RGH designed the study and 
edited the manuscript. JZ designed the study and edited the manuscript. HB analyzed the data and wrote the first draft 
of the manuscript. All authors read and approved the final manuscript.

Funding
Open access funding provided by Karolinska Institute. Funded by departmental resources only.

Availability of data and materials
All data generated or analyzed during this study are included in this published article and its supplementary information 
files.

Declarations

Ethics approval and consent to participate
The study was approved by the Regional Ethics Committee of Linköping (2014/123–31) and was conducted in compli-
ance with the Declaration of Helsinki. The patients consented to participate after having received oral and written 
information about the implications of the study.

Consent for publication
Not applicable.

https://doi.org/10.1186/s40635-022-00464-5


Page 10 of 10Svensson et al. Intensive Care Medicine Experimental           (2022) 10:36 

Competing interests
RGH holds a grant from Grifols for studies of 20% albumin. The other authors declare that they have no competing 
interests.

Received: 3 May 2022   Accepted: 13 August 2022

References
	1.	 Mahler SA, Conrad SA, Wang H, Arnold TC (2011) Resuscitation with balanced electrolyte solution prevents hyper-

chloremic metabolic acidosis in patients with diabetic ketoacidosis. Am J Emerg Med 29:670–674
	2.	 Chua HR, Venkatesh B, Stachowski E, Schneider AG, Perkins K, Ladanyi S, Kruger P, Bellomo R (2012) Plasma-Lyte 148 

vs 0.9% saline for fluid resuscitation in diabetic ketoacidosis. J Crit Care 27:138–145
	3.	 Tran TTT, Pease A, Wood AJ, Zajac JD, Mårtensson J, Bellomo R, Ekinci EII (2017) Review of evidence for adult diabetic 

ketoacidosis management protocols. Front Endocrinol (Lausanne) 8:106
	4.	 Stewart PA (1981) How to understand acid-base. A quantitative acid-base primer for biology and medicine. Elsevier, 

New York
	5.	 Hopper K, Haskins SC (2011) The acid-base effects of free water removal from and addition to oxygenated and 

deoxygenated whole blood: an in vitro model of contraction alkalosis and dilutional acidosis. Transl Res 157:29–37
	6.	 Hahn RG, Svensson R, Zdolsek JH (2020) Kinetics of crystalloid fluid in hyperglycemia; an open-label exploratory 

clinical trial. Acta Anaesthesiol Scand 64:1177–1186
	7.	 Story DA (2016) Stewart acid-base: a simplified bedside approach. Anesth Analg 123:511–515
	8.	 Van Zyl DG, Rheeder P, Delport E (2012) Fluid management in diabetic-acidosis—Ringer’s lactate versus normal 

saline: a randomized controlled trial. QJM 105:337–343
	9.	 Williams V, Jayashree M, Nallasamy K, Dayal D, Rawat A (2020) 0.9% saline versus Plasma-Lyte as initial fluid in chil-

dren with diabetic ketoacidosis (SPinK trial): a double-blind randomized controlled trial. Crit Care 24:1
	10.	 Self WH, Evans CS, Jenkins CA, Brown RM, Casey JD, Collins SP, Coston TD, Felbinger M, Flemmons LN, Hellervik 

SM, Lindsell CJ, Liu D, McCoin NS, Niswender KD, Slovis CM, Stollings JL, Wang L, Rice TW, Semler MW et al (2020) 
Clinical effects of balanced crystalloids vs saline in adults with diabetic ketoacidosis: a subgroup analysis of cluster 
randomized clinical trials. JAMA Netw Open 3:e2024596

	11.	 Oliver WD, Willis GC, Hines MC, Hayes BD (2018) Comparison of Plasma-Lyte A and sodium chloride 0.9% for fluid 
resuscitation of patients with diabetic ketoacidosis. Hosp Pharm 53:326–330

	12.	 Ramanan M, Attokaran A, Murray L, Bhadange N, Stewart D, Rajendran G, Pusapati R, Petty M, Garrett P, Kruger P, 
Peake S, Billot L, Venkatesh B: SCOPE-DKA Collaborators and Queensland Critical Care Research Network (QCCRN) 
(2021) Sodium chloride or Plasmalyte-148 evaluation in severe diabetic ketoacidosis (SCOPE-DKA): A cluster, crosso-
ver, randomized, controlled trial. Intensive Care Med 47:1248–1257

	13.	 Alghamdi NA, Major P, Chaudhuri D, Tsui J, Brown B, Self WH, Semler MW, Ramanan M, Rochwerg B (2022) Saline 
compared to balanced crystalloid in patients with diabetic ketoacidosis: A systematic review and meta-analysis of 
randomized controlled trials. Crit Care Explor 4(1):e0613

	14.	 Lopes AD, Maciel AT, Park M (2011) Evolutive physicochemical characterization of diabetic ketoacidosis in adult 
patients admitted to the intensive care unit. J Crit Care 26:303–310

	15.	 Maciel AT, Park M (2009) A physicochemical acid-base approach for managing diabetic ketoacidosis. Clinics (Sao 
Paulo) 64:714–718

	16.	 Szrama J, Smuszkiewicz P (2013) Acid-base disorder analysis during diabetic ketoacidosis using the Stewart 
approach - a case report. Anaesthesiol Intensive Ther 45:230–234

	17.	 Dimeski G, Barnett RJ (2005) Effects of total plasma protein concentration on plasma sodium, potassium and chlo-
ride measurements by an indirect ion selective electrode measuring system. Crit Care Resusc 7:12–15

	18.	 Durward A, Tibby SM (2009) Pediatrics. In: Kellum JA, Elbers PWG (eds) Stewart’s Textbook of Acid-base, 2nd edn. 
Lulu Pres, Morrisville

	19.	 Kellum JA (2000) Determinants of blood pH in health and disease. Crit Care 4:6–14
	20.	 Fencl V, Jabor A, Kazda A, Figge J (2000) Diagnosis of metabolic acid-base disturbances in critically ill patients. Am J 

Respir Crit Care Med 162:2246–2251

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


	Plasma volume expansion reveals hidden metabolic acidosis in patients with diabetic ketoacidosis
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Fluid therapy and measurements
	Calculations
	Statistics

	Results
	Correcting the Na–Cl gap for hypovolemia
	Na–Cl gap responses to 0.9% saline
	Kidney function

	Discussion
	Key findings
	Clinical implications
	Literature
	Other contributors to the acid–base balance
	Limitations

	Conclusions
	Acknowledgements
	References


