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Background: Alterations of acid—base balance induced by intravenous fluids are
primarily related to changes in plasma strong ion difference (SIDp) and nonvola-
tile weak acids. Previous studies suggest that the relationship between the SID
of infused fluids (SID\yf) and pre-infusion plasma bicarbonate (HCO;~) may act
as an integrative factor influencing acid—base changes during fluid replacement.
However, the contribution of unmeasured anions and renal electrolyte handling
remains incompletely characterized.

Methods: We conducted a prospective observational study in postoperative criti-
cally ill adults receiving intravenous fluids early after admission to intensive care
unit (ICU). Fluid composition and volume were recorded. Acid—base variables,
plasma and urinary electrolytes were assessed at ICU admission and study end
(postoperative-day one). The average SIDs and SID,-HCO5™ difference were
calculated. Patients were grouped by crystalloid type and SID-HCOs™ tertiles.
Associations with changes in SIDp,, standard base excess (SBE), strong ion gap
(SIG), and urinary anion gap (UAG) were analyzed.

Results: Fifty-seven consecutive patients were included. Patients received
3,152 + 1,027 mL of fluids, with a slightly positive fluid balance (+802 + 1,212 mL)
over 19 [18-20] hours. SIDp, (38.7 + 24 t0 39.8 + 2.7 mEg/L) and SBE (-1.5 + 2.4
to 0.9 + 2.9 mEg/L) increased (p < 0.001 for both), whereas SIG decreased
(5.0 + 2.8t0 3.9 + 2.5 mEq/L; p < 0.001), indicating reduced unmeasured anions.
Changes in SIDp. and SBE increased across crystalloid groups and SID-HCO3~
tertiles, with minimal SBE variation when SID\:-HCOs~ approximated zero.
SIG changes were similar across groups. Urinary electrolyte excretion showed
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no quantitative association with SIDp. or SBE changes; however, urinary Cl-
decreased with increasing SID\--HCO5™, consistent with renal CI- modulation.
Conclusion: In postoperative critically ill patients, SID,-HCO3™ appears to influ-
ence fluid-induced acid—base changes, particularly during fluid replacement.
Changes in unmeasured anions also contribute to SBE variations. In contrast,
renal effects appear temporally limited and do not quantitatively influence plasma
acid—base status over short time frames.

KEYWORDS

acid—base, balanced solutions, bicarbonate concentration, crystalloids, fluid therapy,

urine electrolyte excretion

Introduction

Intravenous fluids are recognized as a form of drug therapy (1, 2)
that induces measurable changes in physiological conditions (3) and
may exert adverse effects beyond their intended clinical use. Among
these, some have been associated with worsening overall prognosis (4,
5), whereas others have been linked to specific organ dysfunctions, such
as those associated with certain synthetic colloids (6, 7) and 0.9% NaCl
(4, 8,9), both of which may impair renal function. In addition, particu-
larly in the context of fluid resuscitation and replacement, the impact of
fluid composition on acid-base balance has been widely recognized (2,
10), although not extensively investigated and at times underestimated.

According to the physical-chemical approach to acid-base equilib-
rium proposed by Peter Stewart (11), fluid-induced acid-base alterations
are primarily determined by changes in plasma strong ion difference
(SIDypy), defined as the difference between plasma concentrations of
strong cations and anions and driven by the administered electrolyte
composition (SIDyz) and fluid volume, as well as by changes in the total
concentration of nonvolatile weak acid (Agor). Whereas Aqor does not
typically change during fluid maintenance, it decreases during fluid
resuscitation and replacement, reflecting the absence of nonvolatile weak
acids (e.g., albumin and phosphate) in commonly administered fluids
(12). Our group, among others (13, 14), has recently highlighted the
potential importance of pre-infusion plasma bicarbonate (HCO;") con-
centration as a patient-specific factor influencing fluid-induced acid-
base modifications during fluid replacement. Indeed, in a large cohort
of postoperative critically ill patients (15), we retrospectively found that
the difference between SIDyy; and pre-infusion HCO;™ represents the
key integrative determinant of fluid-induced acid-base alterations and
identifies a reference value to which an ideal “balanced” fluid should be
aligned to in order to minimize acid-base perturbations, while compen-
sating for Aqor dilution.

However, to more accurately predict fluid-induced acid-base
alterations, additional factors should be considered, particularly in
critically ill patients: the presence of unmeasured anions, whose
changes may reflect overlapping pathological mechanisms indepen-
dent of fluid administration, and the renal system, which may inde-
pendently modify SIDp, through renal electrolyte handling and
urinary excretion (16). Nonetheless, reliable data on the contribution
of all determinants involved in fluid-induced acid-base alterations,
including unmeasured anions, remain limited in humans. Similarly,
the role of the kidney and its dynamic response to these alterations
have not been clearly characterized.

We therefore designed a prospective observational study in criti-
cally ill patients admitted to a postoperative intensive care unit and
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receiving intravenous fluid therapy early after admission. The study
aims to: (1) confirm the role of pre-infusion HCO;~ concentration,
defined as the plasma level at start of fluid administration, as a key
integrative factor describing acid-base changes beyond SIDy: and
Aqor variation; (2) characterize the role of changes in unmeasured
anions; and (3) assess the contribution of urinary electrolyte excretion
and its interaction with other determinants.

Materials and methods

This is a single-center prospective observational study conducted
at Fondazione IRCCS Ca’ Granda - Ospedale Maggiore Policlinico of
Milan. The study was approved by the local Institutional Review Board
(#2281, on 29/08/2007, Ethical Committee of Fondazione IRCCS Ca’
Granda - Ospedale Maggiore Policlinico, Milan, Italy), and written
informed consent or deferred consent was obtained for each patient
according to the national regulations. De-identification methodology
was applied to patient records before analysis.

Study population

All consecutive patients admitted to the postoperative ICU of our
institution between September 2009 and June 2010, after abdominal
or thoracic surgery, and having arterial and central venous catheters
were included. Patients with known renal failure, liver failure with
ascites, or undergoing vascular and urologic surgeries were excluded.
Patients were studied from their ICU admission to 9:00 a.m. of the
first postoperative day.

Data collection

Data on patient demographics, comorbidities, medication use,
reasons for admission, and type of surgery were recorded. To elucidate
the effects of fluid therapy on acid-base, data concerning all types of
intravenous fluid administered during the study period were strictly
recorded, independent of the specific clinical indication (fluid resus-
citation, replacement, or maintenance). These included volume and
types of crystalloids (0.9% NaCl, Ringer’s Lactate, Rehydrating-III,
Sterofundin, 5% Dextrose), colloids (6% Hydroxyethyl Starch,
Polygeline), blood products, supplementary electrolytes administra-
tions (including 8.4% NaHCO;), as well as crystalloid solutions
employed as drug diluent or maintenance of intravenous line patency,
i.e., “fluid creep” (17) (see Supplementary Table S1 for further details).
In parallel, volumes of excreted fluid, including urine output, drain
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output and gastric residual volumes, as well as estimated insensible
perspiration volume were accurately recorded (18). Finally, data on
therapies applied during the study period, including diuretic therapy,
were collected.

At ICU admission (postoperative day 0) and at the end of the
study period (postoperative day 1), data on arterial and central venous
blood gas analyses (GEM Premier 3,000, Instrumentation Laboratory,
Breda, Netherlands), plasma electrolyte and albumin concentrations,
and laboratory exams including metabolic, renal, liver and coagula-
tion parameters, were obtained (COBAS ¢ 702; Roche Diagnostics
GmbH, Mannheim, Germany). In parallel, at the same time points,
single-spot urine specimens were obtained for urine electrolyte assess-
ment (Hitachi Instrument; Boehringer Mannheim GmbH, Mannheim,
Germany). Finally, urine electrolyte concentrations were also mea-
sured in a representative sample derived from the total urine output
collected over the study period to quantify the overall renal contribu-
tion to acid-base changes over time. Data on respiratory and hemo-
dynamic parameters were also obtained.

Definitions

Arterial standard base excess (SBE) was calculated as follows (19):

. Hb
SBE[mmolj: (Hco3 —24.8)+[2.3><?+7.7jx )
LU | (pr-74)

(1_0'023XHT1)J (1)

where HCO,~ denotes plasma bicarbonate concentration
expressed in mmol/L and Hb the hemoglobin concentration expressed
in mmol/L.

Plasma Strong Ion Difference (SIDp;) was calculated as fol-
lows (11):

Na* +K*+ _ _
SIDp; (mEq/L)= —[Cl +lactate }
PL( 1 ) {Mg2++Ca2+} 2)

where Na*, K*, Mg*, Ca*", CI", and lactate™ denote sodium, potas-
sium, magnesium, calcium, chloride, and lactate, respectively, all
expressed in mEq/L.

Plasma concentration of non-volatile weak acids (Aror) and their
dissociated form (A~) were, respectively, estimated as follows (20, 21):

A™ (mEq /L) =albuminx 10><(0.123xarterial pH —0.631) +
P x(0.309xarterial pH —0.469) 3)

where albumin was expressed as g/dL, and P indicates the plasma
concentration of phosphates in mmol/L;

AroT (mmol/L) A" X(1+10(mterialpH76'8)j/

(lo(arterial pH —6.8)) )
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Effective Strong Ion Difference (SIDg;) was calculated as follows
(22, 23):

SID gy (mEq/L):[Hco;}[A*} (5)

In addition, the Strong Ion Gap (SIG), denoting net unmeasured
anions (22), was defined as the difference between SIDy; and SIDgg;:

SIG (mEq/L)=[SIDpy ]-[SID ke ] (6)

The total volume of administered fluids was calculated as the sum
of the volume of all crystalloids (0.9% NaCl, Ringer’s Lactate,
Rehydrating-III, ~ Sterofundin, 5% colloids (6%
Hydroxyethyl Starch, Polygeline), blood products, supplementary

Dextrose),

electrolytes administrations, and fluid creep administered during
study period. Subsequently, the average SID infused over the study
period (SIDyy;) was calculated as follows:

> (SIDgxV)

SIDyp(mEq/L)= >v ?)

where SID; denotes the in-vivo SID in mEq/L of each fluid admin-
istered, assuming complete metabolism of organic anions
(Supplementary Table S1), and V the volume of each fluid adminis-
tered during the study period, as expressed in liters. Net fluid balance
over the study period was calculated as the difference between total
fluid administered, including fluid creep, and the total output volume.

Mean urinary Anion Gap (uAG) was calculated as follows
(24, 25):

uAG (mEq/L)=[uNa* +uk* |~[ucl” ] (®)

where uNa*, uK*, and uCl~ denote, respectively, urine sodium,
potassium, and chloride concentrations, all expressed in mEq/L, and
obtained from a representative urinary sample obtained from the total
urine output collected over the study period.

Finally, to investigate the impact of fluid therapy on acid-base,
plasma, and urinary electrolyte concentrations, we calculated the dif-
ference (A) in SBE, SIDpy, and single-spot urine electrolyte concentra-
tions and uAG assessed at the end of the study (9:00 a.m. of the first
postoperative day) and at ICU admission. Overall, no imputation was
applied for potentially missing data.

Study subgroups

To first evaluate the effects of fluid therapy on acid-base balance, we
considered the study population as divided by the type of crystalloid
predominantly received during study period, as clinically prescribed by
the attending physician: Sterofundin group, receiving mainly Sterofundin
(and no Rehydrating-IIT); Rehydrating-IIT group, receiving mainly
Rehydrating-IIT (and no Sterofundin); and miscellaneous group, receiv-
ing different types of crystalloids (including 0.9% NaCl, Sterofundin,
Ringer’s Lactate, Rehydrating-III, 5% Dextrose). Subsequently, to con-
firm the key integrative role of the difference between SIDyy; and pre-
infusion plasma HCO;™ concentration on acid-base changes, based on
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the variation observed in SIDpy and plasma HCO;™ levels
(Supplementary Figures S1, S2), we further divided the study population
according to the tertile distribution of SID;-HCO;™.

Statistical analysis

Based on our previous study (15), we estimated that a sample size of
51 patients would be required to detect a minimum mean difference of
3.40 mEq/L in post-infusion BE variation across tertiles of the SIDyyg-
HCO;™ difference, using a one-way ANOVA, assuming a residual stan-
dard deviation of 3.04 mEq/L, with 80% power and a two-sided a of
0.05. Allowing for potential non-normality, the sample size was
increased by approximately 10-12%, yielding a final target of 57 patients.
Data are presented as mean + standard deviation, median [interquartile
range], or frequency (percentage), as appropriate. Normality of data dis-
tribution was assessed using the Shapiro-Wilk test. Continuous vari-
ables were analyzed using the paired t-test, Wilcoxon signed-rank test,
or one-way or two-way analysis of variance (ANOVA) with Holm-Sidak
correction for multiple comparisons, as appropriate. When data were not
normally distributed, the Kruskal-Wallis test with Dunn’s post hoc cor-
rection was applied. Categorical variables were compared using the Chi-
square or Fisher’s exact test, as appropriate. A p-value < 0.05 was
considered statistically significant. Analyses were performed using Stata
statistical software (Stata Statistical Software 19.5; StataCorp, College
Station, TX, United States) and SigmaPlot 15.0 (Systat Software, San
Jose, CA, United States). The Strengthening the Reporting of

10.3389/fmed.2026.1867317

Observational Studies in Epidemiology checklist (26) was employed (see
Supplementary materials).

Results
Study population

A total of 57 consecutive patients (70 + 13 years, 35% female) admit-
ted to the postoperative ICU after major surgery were included in the
study. Of these, 27 (47%) underwent thoracic surgery, 24 (42%) gastro-
intestinal surgery, 3 (5%) hepatic surgery, and 3 (5%) other surgery/pro-
cedures. Demographic and anamnestic data are summarized in Table 1.

Fluid-induced acid—base changes in the
overall population

The study period lasted 19 (18-20) hours. Overall, patients
received a mean fluid volume of 3,152 + 1,027 mL, while the total fluid
output was 2,350 + 693 mL, resulting in a slightly positive fluid bal-
ance (802 * 1,212 mL; Table 2). In parallel, although albumin concen-
tration decreased, Aror remained unchanged, due to a significant
increase in phosphate concentration. The mean SIDyy in the study
population was 33.7 + 13.1 mEq/L. Overall, a significant increase in
SIDpy, (from 38.7 + 2.4 to 39.8 + 2.7 mEq/L) and SBE (from —1.5 + 2.4

TABLE 1 Demographic and clinical characteristics of the overall study population according to the type of crystalloid infused.

Characteristics Overall Sterofundin Miscellaneous Rehydrating IlI p-value
population (n=13) (n = 20) (n = 24)
(n =57)

Age - year 70 £13 70 £13 71+ 14 68 =12 0.84
Female - 1 (%) 20 (35) 5(38) 7 (35) 8 (33) 1.00
BMI - kg/m* 25+4 23+4 26+ 4 26+ 4 0.04
Comorbidities

Ischemic heart disease — 1 (%) 18 (31) 5(38) 7 (35) 6(25) 0.65

Hypertension — 7 (%) 30 (53) 7 (54) 12 (60) 11 (46) 0.67

Cirrhosis - n (%) 4(7) 1(8) 3(15) 1(4) 0.52

COPD - 1 (%) 19 (33) 4(31) 5(25) 10 (42) 0.52
Creatinine — mg/dL 0.82£0.22 0.79 £ 0.22 0.86 £ 0.26 0.80+0.18 0.56
eGFR - mL/min 86 + 32 76 £22 88 £ 38 90 + 31 0.46
Urea - mg/dL 32+10 34+10 29+12 32+9 0.48
Causes of admission — n (%) 0.14

Gastrointestinal surgery 24 (42) 7 (54) 9 (45) 8 (34)

Hepatic surgery 3(5) 1(8) 0(0) 2(8)

Thoracic surgery 27 (47) 3(23) 10 (50) 14 (58)

Others 3(5) 2 (15) 1(5) 0(0)
Mechanically Ventilated - n (%) 57 (100) 13 (100) 20 (100) 24 (100) 1.00
Duration of mechanical
ventilation-hour 3[2-4] 3(2-3] 3[3-4] 3[2-4] 0.15
Study period - hours 19 [18-20] 18 [18-19] 19 [18-20] 19 [18-20] 0.30

BMI denotes body mass index; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate. Data are presented as mean * standard deviation, median
[interquartile range], or n (%), as appropriate. p values refer to one-way analysis of variance (ANOVA), Kruskal-Wallis one-way ANOVA on ranks, or Chi-square test as appropriate.
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t0 0.9 + 2.9 mmol/L, p < 0.001 for both; Supplementary Table S2) was
observed at the end of the study period. Of note, in parallel with these
changes, plasma SIG significantly decreased (from 5.0 +2.8 to
3.9+ 2.5 mEq/L, p <0.001), denoting a reduction in unmeasured
anion concentrations. In addition, arterial PCO, increased by
2.8 + 5.8 mmHg (p < 0.001). Overall, arterial pH remained stable over
the study period (p = 0.22).

Influence of crystalloid composition on
acid—base

Patients were grouped according to the crystalloid solution pre-
dominantly received: the Sterofundin group (N =13; mean SIDyy
20.3 £ 4.8 mEq/L), the Miscellaneous group (N =20; mean SIDy
30.5+ 13.2mEq/L), and the Rehydrating-III group (N =24; mean
SIDinr 43.6 + 6.8 mEq/L) (Tables 1, 2). Based on the plasma HCO;™ con-
centration at ICU admission, prior to fluid therapy, the corresponding
SIDy-HCO;~ differences were —1.3 + 5.1 mEq/L, 7.5 + 13.0 mEq/L,
and 19.6+6.6mEq/L in the Sterofundin, Miscellaneous, and
Rehydrating-IIT groups, respectively. No differences were observed

10.3389/fmed.2026.1867317

between groups in total study duration, duration of mechanical ventila-
tion, total fluid volume administered, or net fluid balance (Tables 1, 2).
Moreover, baseline acid-base parameters at ICU admission were com-
parable across the three groups, with the exception of SBE and pre-
infusion HCO;™, both higher in the Rehydrating-III group (Table 3).
Consistent with the overall study population, SBE significantly increased
across the three SIDy; groups (Table 3). In the Sterofundin and
Miscellaneous groups, the observed ASBE was primarily driven by a
reduction in SIG (by —1.6 + 2.7 and —1.3 + 2.6 mEq/L, respectively;
p=0.03 and p=0.02), as no significant modification in SID;; was
detected. In contrast, in the Rehydrating-IIT group, ASBE was associated
with a significant increase in SID,, (by 2.4 + 2.0 mEq/L, p < 0.001), with
no significant change in SIG. Aqor dilution was similar between groups
(p = 0.01 for time factor, two-way ANOVA; Table 3).

Influence of pre-infusion HCO;
concentrations on acid—base

To better characterize fluid-induced acid-base changes, the study
population was stratified into tertiles according to the

TABLE 2 Fluid therapy and electrolytes administered during the study period according to the type of crystalloid infused.

Characteristics Overall

population (n =13)
(n =57)

Sterofundin

Miscellaneous Rehydrating Il p-value
(n =20) (n = 24)

Total amount of administered
fuids - mL 3,152 + 1,027 3,304 + 1,154 3,433 +£ 1,037 2,836 + 893 0.13
Infused Solutions — mL
Sterofundin 580 + 1,086 2,429 £ 778 75 + 245 00 <0.001
Normal Saline 362+ 728 0+0 1,032 +913 0£0 <0.001
Rehydrating III 1,412 +£ 1,071 0+0 1,469 + 849 2,129 + 729 <0.001
Others® 417 + 369 490 + 544 452 + 315 349 +294 0.48
Fluid creep 381 + 141 385+ 151 405 £ 127 359 + 148 0.56
Infused electrolytes? — mEq
Na* 422 + 145 430 + 140 481 + 158 368 + 119 0.03
K* 34+24 24 +25 40 +21 35+24 0.18
Ca® 11+5 14+6 10+6 11+5 0.19
Mg 9£5 7%5 8+5 9+6 0.57
Cl- 371 +132 408 + 135 435+ 131 297 +93 0.001
Total amount of excreted
fuids - mL 2,350 £ 693 2,259 + 786 2,314 + 816 2,430 £ 534 0.75
Drainage 397 + 380 246 + 234 466 + 468 422 + 353 0.25
Nasogastric losses 57 £127 94 +193 66 + 129 30+67 0.33
Insensible perspiration 699 + 173 628 + 155 698 + 193 739 + 158 0.18
Diuresis 1,197 + 612 1,291 + 754 1,084 + 739 1,240 + 382 0.58
Net fluid balance - mL 802 +1,212 1,045 + 1,519 1,119 £ 1,271 406 + 868 0.11
Diuretic - n (%) 21 (37) 2(15) 9 (45) 10 (42) 0.12
SIDine - mEq/L 33.7+13.1 203 +£4.8 30.5+£13.2 43.6 + 6.8 <0.001
SIDyy - HCO;™ - mEq/L 10.6 £12.3 -13+5.1 7.5+13.0 19.6 £ 6.6 <0.001

Na* denotes sodium; K* potassium; Ca** ionized calcium; Mg** magnesium; Cl- chloride; SIDyy; infused SID. Data are presented as mean + standard deviation or 1 (%), as appropriate. p values
refer to one-way analysis of variance (ANOVA), Kruskal-Wallis one-way ANOVA on ranks, or chi-square test as appropriate. a = p < 0.05 vs. Sterofundin; b = p < 0.05 vs. Miscellaneous;

¢ = “Others” encompasses the administered volumes of other crystalloids, of colloids, and of electrolytes correction; d = the infused electrolytes balance account also for the presence of
additional electrolytes supplementation.
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TABLE 3 Blood gases, acid—base parameters, and electrolyte characteristics at ICU entry and study end according to the type of crystalloid infused.

Variable Sterofundin Miscellaneous Rehydrating Il p-value p- Interaction
(n =13) (n =20) (n = 24) between value p
groups time
Baseline End of Baseline  End of Baseline End of
study study study

pH 7.40 +0.06 7414003 | 7.40+0.05 | 742+0.03 | 7.42+005 | 7.42+0.03 0.18 0.20 043
PCO, - mmHg 355454 36.4+3.8 37.0+ 4.0 387433 37157 | 420 +4.1% 0.02 0.002 0.07
HCO;™ -

216+ 1.6 229+17 23.0+22 252+ 2.1% 24.0+2.4 27.3+2.9% <0.001 <0.001 0.02
mEq/L
SBE - mmol/L —3.0+18 —17+16% | -17+24 0.7 £2.2% —04+23 2.6 +2.9% <0.001 <0.001 0.06
SIDy; - mEq/L 38.6+2.0 381+ 1.4 383+3.4 39.0+2.5 39.1+15 415+ 2.4% 0.01 0.004 <0.001
SIDgyr - mEq/L 320+ 16 33.1+20 332+36 352+3.1% 349425 38.2+3.3% <0.001 <0.001 0.02
SIG - mEq/L 6.6+2.7 5.0+ 1.3% 51429 3.8+2.2% 41+24 32+29 0.02 <0.001 071
Na* — mEq/L 1382+2.4 1388430 | 137.1+36 | 137929 | 139.0+21 | 1394+24 0.08 0.09 0.89
K" — mEq/L 40+04 42+0.1 3.8+04 40404 37403 4.0 % 0.4% 0.04 0.001 0.70
Ca* — mEq/L 2.1+0.1 2101 20+0.1 2001 21+0.1 21401 0.01 0.18 0.88
Mg — mEq/L 15403 1.6 +0.2% 1.4+02 1.6+ 0.1% 1.5+02 1.7 +0.2% 0.17 <0.001 0.51
Cl" - mEq/L 106 + 2 108 + 3% 105 + 4 105+3 106 + 2 105 + 2.9% 0.11 0.49 0.003
Lac™ - mEq/L 1.0+04 1.0+0.4 14+1.0 1.1+038 1.0+04 0.8+0.2 0.07 0.16 0.34
Agor — mmol/L 13.0+ 1.1 128+ 1.4 12.6+23 121+16 135+ 18 136+ 15 0.06 0.01 035
Alb™ - mEq/L 85+0.8 82+ 1.0 83+ 1.6 7.8+ 1.3% 9.2+ 14 8.8+ 1.3% 0.04 <0.001 0.81
P~ - mEq/L 1.9£03 2.1+0.3% 1.7+04 1.9+0.3* 1.8£03 22+ 0.4% 0.12 <0.001 0.38
Pa0, - mmHg 141£79 79 +30 167 + 46 8423 167 + 48 84+23 0.23 <0.001 0.54
FiO, - % 45+10 33+22 475 25+8 42+8 24+5 0.05 <0.001 0.19
Hb - g/dL 115+14 116+ 1.2 11517 105 + 1.5% 11417 11.1£19 0.52 0.10 0.14

PaCO, denotes arterial partial pressure of carbon dioxide; HCO;™ bicarbonate concentration; SBE standard base excess; SIDy; plasma strong ion difference; SIDg effective strong ion
difference; SIG strong ion gap; Ao total concentration of non-carbonic weak acids; Alb~ ionized concentration of albumin; P~ ionized concentration of phosphate; Hb hemoglobin; PaO,
arterial partial pressure of oxygen; and FiO, fraction of inspired oxygen. Data are presented as mean #standard deviation. p values refer to two-way repeated measurement analysis of variance
(ANOVA) with post-hoc all pairwise multiple comparison procedures (Holm-Sidak correction methods). *p < 0.05 vs baseline within the same group.

SID\-HCO;™ difference, reflecting variability in pre-infusion plasma
HCO;™ concentration (Supplementary Figure S1), with mean values
of —3.8 £ 6.0 mEq/L, 12.1 + 4.3 mEq/L, and 23.5 + 4.7 mEq/L, respec-
tively. At baseline, the three groups were comparable in terms of SIDp;,
and overall acid-base status, except for slight differences in SBE and
pre-infusion plasma HCO,™ (Table 4). At the end of the study;, after
fluid administration, SIDy; increased significantly in the 2° and 3°
SIDy-HCO;™ tertiles, whereas SBE increased in all groups. Overall,
the magnitude of ASIDy; and ASBE progressively increased across
SIDi-HCO;™ tertiles (p for interaction <0.001 and p for interac-
tion = 0.01, respectively; Table 4 and Figure 1). Moreover, in the over-
all population, SID-HCO;™ difference appeared linearly associated
with ASIDy;, (Figure 2; Pearson’s r = 0.55, p < 0.001). In addition to
these changes, SIG decreased significantly during the study period,
with no differences across SIDn-HCO;™ tertiles (p for interac-
tion = 0.35, two-way ANOVA; Table 4).

Influence of urinary electrolyte excretion on
acid—base

Overall, a negative, though quantitatively modest, association was
observed between changes in SIDp;, and mean uAG (Pearson’s
r=—0.41, p = 0.001; Supplementary Figure S3). Moreover, no differ-
ences in mean uAG were observed according to the predominant
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crystalloid received (p = 0.87, Supplementary Table S4) or across
SIDy-HCO;™ tertiles (p = 0.94, Table 5). Similarly, no differences in
urinary excretion of Na*, K*, and CI~ were observed during the study
period in relation to SIDyz groups or SID-HCO;™ tertiles. When
considering changes in urine electrolyte concentrations from single-
spot samples obtained at baseline and at study end, uNa* and uK*
remained unchanged over time regardless of the predominant crystal-
loid received. In contrast, changes in uCl- differed significantly across
SIDr groups (p = 0.02), particularly in the Rehydrating-IIT group,
where uCl~ decreased from 141 + 49 to 103 + 45 mEq/L (p < 0.001;
Supplementary Table S5). Similar results were observed across SIDyy-
HCO;" tertiles. In particular, AuCl~ decreased significantly across
tertiles (Figure 3), consistent with progressive Cl~ retention during the
study period, especially in the third SID;-HCO;™ tertile (p < 0.001;
Supplementary Table S6).

Discussion

In this prospective observational study of ICU patients admitted
after major surgery and receiving fluid therapy, we found that the greater
the average SIDy and SIDy-HCO;™ difference, the greater the increase
in SIDy;, and SBE after fluid administration, with minimal changes when
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TABLE 4 Blood gases, acid—base parameters, and electrolyte characteristics at ICU admission and study end, stratified according to the tertiles of the SID,y.—HCOj;" difference.

Variable T, T, T p-value p- Interaction
(n =19) (n =19) (n =19) between value p
[-18.5-2.5] [2.6-18.5] [18.6-34.1] groups time
Baseline End of Baseline End of Baseline End of
study study study

pH 7.40 +0.05 7.41 +0.03 7424005 | 7.43+003 | 7414006 | 7.43+0.03 0.06 0.23 0.93
PCO, - mmHg 36.3+4.8 37.6+3.5 37.0+42 40.2 + 4.5% 36.9+6.1 40.9 + 4.5% 0.21 <0.001 0.35
HCO;™ -

221+17 23.5+ 1.7% 23.9+22 26.4 +3.1% 23427 26.8 +2.7% 0.002 <0.001 0.008
mEq/L
SBE - mmol/L —26+19 —12+1.7% —0.6+24 1.8+3.1% —12+27 22426% 0.001 <0.001 0.01
SIDy, - mEq/L 393+2.1 38.6+15 38.6+2.9 40.0 +3.1% 382423 40.8 +2.8% 0.76 <0.001 <0.001
SIDy — mEq/L 326+ 1.9 33.6+22 34.4+37 36.8+4.2 33.9+29 37.4+3.1 0.02 <0.001 0.01
SIG - mEq/L 6.8+2.4 50+ 1.6% 42+32 33+28 42+18 3.4+26 0.004 <0.001 0.35
Na* — mEq/L 1382 +2.7 138.8 +3.0 137.7+3.0 | 137926 | 1385429 | 139.5+24 0.34 0.08 0.63
K* — mEq/L 4.0+04 42402 3.7+03 4.0 £0.3% 3.8+0.4 3.9+05 0.003 <0.001 0.36
Ca®* — mEq/L 2.0+0.1 20+0.1 2.0+0.1 2.0+0.1 20+0.2 21+0.1 0.90 0.16 0.84
Mg** — mEq/L 15403 1.6+ 0.2% 15402 1.7 £0.2% 14+03 1.6 +0.2% 0.77 <0.001 0.18
Cl- - mEq/L 106 + 3 107 +3 105+3 105+3 107 +2 105 + 3% 0.15 0.96 0.004
Lac™ - mEq/L 0.9+0.4 0.9 +0.4 14+1.0 1.0£05 1.1+04 1.0£0.6 0.27 0.08 0.13
Agor - mmol/L 13.0+13 12,6 + 1.4 13.1+23 129+19 132420 13.1+16 0.89 0.30 0.91
Alb™ - mEq/L 84409 8.0+ 1.1 8.8+ 17 84+ 1.6 89+15 8.5+ 1.1% 0.48 0.001 0.98
P~ - mEq/L 1.9+03 21+03 1.8+03 2.040.3* 17404 2.140.5% 0.28 <0.001 0.27
PaO, - mmHg 151 53 81+30 157 + 86 86 +28 171 47 81+21 0.53 <0.001 0.48
FiO, - % 47+9 3019 44+5 25+7 43+9 2445 0.06 <0.001 0.78
Hb - g/dL 120+1.2 11.3+12 10.9+1.9 10.7£1.9 116+ 1.6 11.0+1.8 0.16 0.06 0.68

PaCO, denotes arterial partial pressure of carbon dioxide; HCO;™ bicarbonate concentration; SBE standard base excess; SIDp; plasma strong ion difference; SIDy;; effective strong ion
difference; SIG strong ion gap; Ao total concentration of non-carbonic weak acids; Alb~ ionized concentration of albumin; P~ ionized concentration of phosphate; Hb hemoglobin; PaO,
arterial partial pressure of oxygen; and FiO, fraction of inspired oxygen. Data are presented as mean + standard deviation. p values refer to two-way repeated measurement analysis of variance
(ANOVA) with post-hoc all pairwise multiple comparison procedures (Holm-Sidak correction methods). *p < 0.05 vs baseline within the same tertile.

A B
8 p <0.001 . 107 h-om
ok O
6 7 OO 8 7 o
Ol —o— *

4 A ) Qo 6 ) o
- o qoop - o
%. 5 50Jg S 4 O O
= i OO (e]e) S 4]
e s obodo 0ceedo e EI{ 553

I Y. VaYaY. » Wi dood - _____._ - J

a 0 PRSP a | b- g 2 o 55
< do0P o < Qo o

2 1 0 f------ o R S8& - —go—-------

QLD O
-4 A o -2 A O
p -3.8+6.0 12.1+4.3 23.5+4.7 4 -3.8+6.0 12.1+£43 23.5+4.7
[-18.5—2.5] [2.6 —18.5] [18.6 —34.1] [-18.5—2.5] [2.6 — 18.5] [18.6 —34.1]
Infused SID — baseline HCO; [mEq/L] Infused SID — baseline HCO; [mEq/L]
FIGURE 1

Effect of the average difference between SID infused (SIDy¢) and plasma bicarbonate concentration on plasma SID (SIDy,) (A) and standard base excess
(SBE) (B) variations during the study period, stratified by tertiles of the SID\:—HCO3" difference. Blue boxes represent the first tertile, red boxes the
second tertile, and yellow boxes the third tertile. Variations are calculated as the difference between end-of-study and baseline values for each
parameter. Data are presented as box plot (median, 25-75, whiskers indicate the 10th—90th percentiles). For each tertile, the range (minimum-—
maximum) of the SID,—HCOj3" difference is reported. p values refer to one-way analysis of variance (ANOVA) with post-hoc all pairwise multiple
comparison procedures (Holm-Sidak correction methods). * p < 0.05; ** p < 0.001 vs. first tertile.
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8 7 r=0.55, p<0.001
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FIGURE 2

Association between the average difference between SID infused
(SIDie) and plasma bicarbonate concentration and plasma SID (SIDp,)
difference. Pearson’'s r = 0.55, p < 0.001. Model's equation

ASID =0.1 1~(SID|N|: - HCO§) +0.02.

the SIDy-HCO;™ difference approximated 0 mEq/L. Moreover, we
observed that changes in unmeasured anions, reflected by SIG varia-
tions, contributed significantly to SBE changes. Finally, we found that
fluid-induced acid-base changes were associated, within a short time
frame, with a modulation of urinary Cl~ excretion, although this
response did not quantitatively influence plasma acid-base status.

Overall, in this cohort of postoperative patients receiving fluid
therapy with mild positive fluid balance, we found that the average
SID\r administered increased SIDp;, and SBE to varying extents. The
magnitude of these changes was primarily determined by the SIDyy
value and by its difference with pre-infusion plasma HCO,~ concen-
tration. Indeed, the greater the SIDy-HCO;™ difference, the greater
the increase in SIDy; and SBE. Notably, in both the Sterofundin group
and the first SID-HCO;™ tertile, where SID;-HCO,™ difference
approximated 0 mEq/L (—1.3 £ 12.3 and —3.8 + 6.0 mEq/L, respec-
tively), SIDp; remained unchanged or slightly decreased, and ASBE
appeared lower than in other groups. Taken together, these findings
further highlight the importance of considering pre-infusion HCO;~
concentration and its relationship with SIDy; to better describe fluid-
induced changes in SIDy; and acid-base. In contrast to our previous
investigation (15), pre-infusion HCO;™ concentrations showed limited
variability (18.5-29.6 mmol/L), resulting in modest differences in
acid-base and SIDy, responses across SIDyy and SID;y-HCO;™ sub-
groups. Nonetheless, the SIDyy value minimizing acid-base perturba-
tions (~24 mEq/L) closely matched baseline HCO;~ concentration
(=23 mEq/L, see Supplementary Table S2), further supporting the
integrative value of pre-infusion HCO;™.

In contrast with our hypothesis, we did not observe significant Aqor
dilution after fluid administration. Accordingly, a key methodological
premise underlying the integrative value of SIDy-HCO;™ in describing
fluid-induced acid-base changes during Aqor dilution (i.e., during fluid
resuscitation or replacement) was not met. Indeed, whereas during fluid
resuscitation or replacement the reference for SIDyy; in predicting acid-
base changes should be the pre-infusion HCO;~ concentration
(=24 mEq/L under normal conditions), during fluid maintenance it
should, in theory, approximate SIDp; (~40-42 mEq/L under normal
conditions), as no Aror dilution occurs. Although Aror was not assessed
in our previous investigation (15), the degree of hemodilution and
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volume expansion in the current study, as reflected by changes in hemo-
globin (—0.5 £ 1.7 g/dL) and fluid balance (+802 + 1,212 mL), was simi-
lar to that observed in our previous investigation (—0.7 + 1.2 g/dL and
+893 + 1,296 mL, respectively), where, despite a similar design in a
larger population, SIDyz-HCO;™~ appeared more informative than SIDyg
alone in describing fluid-induced acid-base changes. Therefore, we
cannot exclude that our sample size was underpowered to detect a small
Aqor dilution. Similarly, dynamic changes in Aror during the study
period were not characterized, as measurements were available only at
study entry (before fluid administration) and at study end (after fluid
administration). It is therefore conceivable that variations in fluid
administration rates over time resulted in different effects on Ayqr con-
centration, which could not be captured by our study design. Overall,
our findings may lie between the two conceptual boundaries: a “fluid
maintenance model’; characterized by unchanged Ao and SIDy; as the
reference, and a “fluid resuscitation/replacement model” characterized
by significant Aoy variation and pre-infusion HCO,™ as reference.
Further studies are warranted to define how the relative contribution of
the different determinants of fluid-induced acid-base changes evolves
over time across the continuum from fluid resuscitation to fluid
maintenance.

During the study period, in addition to the effects of SIDyy: on
acid-base, we observed a mild, but significant, reduction in SIG (4-
1.2 + 2.4 mEq/L). These changes were largely independent of both the
predominant crystalloid administered (SIDyyg) and the magnitude of
the SIDy-HCO;™ difference (interaction p = 0.71 and 0.35, respec-
tively; Tables 2, 3), suggesting a mechanism not directly related to fluid
composition, assuming complete metabolism of the organic anions
contained in the administered crystalloids (lactate, citrate, and acetate;
see Supplementary Table S1). Within Stewart’s framework, SIG quan-
tifies unmeasured anions and is defined as the difference between
apparent SID (SIDp;) and the effective SID, the latter corresponding
to the sum of HCO;™ and A~, which account for the negative charges
required to maintain electroneutrality (22, 27). The presence of
unmeasured anions is common in critically ill patients, although their
origins remain poorly characterized (27-30). In our study, although
their specific nature was not assessed, their relatively high concentra-
tion at ICU admission may reflect a stress response or transient
hypoxia-associated mitochondrial dysfunction related to surgery, with
release of Krebs cycle intermediates, as recently reported (31).
Although a dilutional effect cannot be excluded, these processes likely
normalize early after ICU admission, independently of fluid composi-
tion. Regardless of mechanism, our findings highlight the importance
of considering both the presence and temporal changes of unmea-
sured anions, even when small, in understanding acid-base alterations
in this setting. Notably, SBE increased significantly despite unchanged
SIDy,, in both the Sterofundin and Miscellaneous groups and in the
first SID-HCO;" tertile, owing to a concomitant reduction in SIG.

Urinary electrolyte excretion showed no quantitative contribution
to SIDy;, or SBE changes over the study period, irrespective of fluid
therapy. UAG was similar across SIDyyy and SIDy-HCO;™ subgroups
and was weakly associated with ASIDy; (slope coefficient
—0.03 mEq/L). These findings suggest that, within the time window
considered (~19 h), and the observed magnitude of acid-base altera-
tions, the kidney does not meaningfully influence fluid-induced acid-
base changes. A comparison of the volumes involved helps interpret
these findings. Although measured in plasma, SIDy, reflects the extra-
cellular space, which averages ~14-16 liters and may be expanded in
postoperative critically ill patients (32). In our study, urine output was
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TABLE 5 Mean concentration and total amount of urinary electrolytes excreted during the study period, stratified according to the tertiles of the SID,;;—HCO;" difference.

Variable Overall T, T, Ts
population (n =19) (n =19) (n =19)
(n =57) [-18.5-2.5] [2.6-18.5] [18.6-34.1]
Mean urinary specimen — mEq/L
oNa* 120 + 37 118 + 34 125+ 34 117 +43 0.80
oK 59 +£26 61+24 56 +27 61+28 0.78
WCl- 126 + 37 124+ 43 129 + 34 125 + 36 0.92
AG 53+30 55+29 52+30 53+32 0.94
oNa* — ,Cl- —6+20 -6+20 -4+16 -8+23 0.83
Total excreted electrolytes — mEq
uNa* 149 £ 92 135+ 96 175 £ 111 136 £ 63 0.32
oK* 62 +24 57 +21 64 + 31 64+19 0.53
ol 154+ 94 140 + 103 178 + 113 144 +59 0.40

«Na* denotes urinary sodium; ,K* urinary potassium; ,Cl~ urinary chloride. Data are presented as mean +standard deviation. p values refer to one-way analysis of variance (ANOVA), or

Kruskal-Wallis one-way ANOVA on ranks as appropriate.
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FIGURE 3
Difference between the end of the study and baseline urinary electrolytes, stratified by tertiles of the mean SIDy—HCO3~ difference. Blue plots
represent the first tertile, red plots the second tertile, and yellow plots the third tertile. Variations are calculated as the difference between end-of-study
and baseline values for each parameter. Data are presented as violin plot (median reported by the white dot, 25th-75th percentile, whiskers indicate the
10th—90th percentiles). p values refer to one-way analysis of variance (ANOVA) performed for each electrolyte.

~1.2 liters (range from 0.2 to 3.6 liters). If, for example, a 4 mEq/L
decrease in plasma ClI~ were required during fluid therapy to maintain
acid-base balance, and assuming no other relevant sources of Cl~
excretion, the kidney would need to excrete ~70 mEq of additional
Cl". This would require urine CI~ to increase by >50 mEq/L from
baseline values of ~140 mEq/L, approaching the physiological concen-
trating limits of the renal system (33, 34). This simple calculation
highlights the marked disproportion between extracellular volume
and urine output, limiting rapid modulation of SIDp; through urinary
electrolyte excretion. Although we did not examine extreme acid-base
disturbances, which may elicit a more pronounced renal response
(35), our findings indicate that renal effects on plasma acid-base
alterations require time to become quantitatively relevant, consistent
with the time required for full renal compensation of respiratory acid-
base disorders, which typically occurs over 3-5 days (36-38).

Frontiers in Medicine

The lack of quantitative association between urinary electrolyte
excretion and SIDy;, changes over the study period should also be inter-
preted in light of the physiological meaning of uAG in the context of
body electrolyte balance. UAG is defined as the difference between the
urinary strong ions routinely measured in urine (Na*, K*, and Cl7) (25,
39). Based on the principle of electrical neutrality, it was originally pro-
posed and is commonly used as a surrogate marker of urinary NH,*, the
strong ion mainly responsible for unmeasured urinary cations and a key
product of renal tubular acid-base handling (24, 40). However, when
uAG is interpreted in relation to SIDy;, an important physiological dif-
ference should be considered (16). While K* is minimally represented in
the extracellular space, being predominantly an intracellular cation, it is
physiologically relevant in urine, where concentrations range from 25 to
200 mEq/L (17 to 124 mEq/L in our cohort) (34). Moreover, urinary K*
excretion depends not only on acid-base balance but also on
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extracellular K* concentration, circulating volume sensing (RAAS acti-
vation), and extracellular K* load from dietary and endogenous sources
(e.g., intracellular release during cell lysis). Thus, while Na*, K*, and Cl~
in plasma mainly reflect the extracellular compartment, in urine they
reflect processes involving both extracellular and intracellular compart-
ments. Of note, when the study population was stratified by tertiles of
average UAG, K* was its only determinant, increasing markedly across
tertiles (Supplementary Table S7).

Single spot urine analysis obtained at the beginning and end of the
study provided additional information. Whereas uNa* and uK*
remained unchanged across SIDy and SIDy-HCO;~ subgroups,
uCl™ significantly decreased in the Rehydrating-III group and across
SIDi-HCO;™ tertiles, consistent with a progressive Cl~ retention.
Notably, these were also the groups showing mild metabolic alkalosis,
as reflected by SBE at study end. Although no further data on renal
function were available, it is conceivable that the reduction in uCl~
reflects a physiological response of distal collecting tubules to meta-
bolic alkalosis, with activation of the luminal CI7/HCO;" exchanger
pendrin, leading to CI~ reabsorption and HCO;~ excretion (41). Taken
together, our findings suggest that although renal correction of plasma
acid-base alterations requires time, the renal system responds rapidly
and sensitively to these changes.

Our study also has some limitations. First, the degree of hemodi-
lution and the amount of fluids administered were relatively limited,
with modest net positive fluid balance. Nonetheless, the physiological
principles described remain applicable within this clinical context.
Second, acid-base variables were assessed at only two time points
(ICU admission and study end), limiting assessment of the temporal
dynamics of respiratory and renal responses and of changes in SIDp;,
and Aoy dilution. In addition, patients were admitted after major sur-
gery, when ongoing processes may have resulted in unstable baseline
acid-base status. Third, the SIDyy: of the administered crystalloids was
consistently >20-24 mEq/L; accordingly, lower SIDyyz values (e.g.,
normal saline) were not evaluated. Because normal saline is generally
avoided at our center owing to its acid-base effects, this comparison
was not feasible. Fourth, our analysis did not account for potential
electrolyte redistribution related to albumin ion binding or trans-
erythrocyte electrolyte shifts (42), although these processes are likely
to become quantitatively relevant only at extreme pH values. Finally,
electrolyte excretion was assessed only in urine and limited to Na*, K*,
and CI-, with no measurements from other excreted fluids.

Conclusion

In conclusion, in postoperative critically ill patients receiving fluid
replacement, the relationship between SIDyy; and pre-infusion HCO;~
appears to be an important factor influencing fluid-induced acid-base
changes, whereas changes in unmeasured anions appear to contribute
independently to SBE variations. Despite modulation of urinary elec-
trolyte excretion, renal effects do not appear to quantitatively influence
plasma acid-base status over the short time frame studied.
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