Laboratory Investigations

Crystalloid strong ion difference determines metabolic acid-base
change during in vitro hemodilution
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Objectives: To determine the relationship between the strong
ion difference (SID) of a diluting crystalloid and its metabolic
acid-base effects on in vitro blood dilution.

Design: Prospective in vitro study.

Setting: University research laboratory.

Subjects: Normal human blood.

Interventions: Three solutions were prepared, each with [Na]
= 140 mmol/L. [CI™] for solutions 1, 2, and 3 was 120, 110, and
100 mmol/L, respectively, the other anion being HCO,;™. SID val-
ues were thus 20, 30, and 40 mEq/L, respectively. Serial dilutions
of well-oxygenated fresh venous blood were performed anaero-
bically by using each of solutions 1-3 as well as 0.9% saline (SID
= 0 mEq/L) and Hartmann’s solution (SID = —4 mEq/L).

Measurements and Main Results: Blood gas and electrolyte
analyses were performed before and after each dilution. Apart
from dilutions with solution 3 (crystalloid SID 40 mEq/L) during
which plasma SID did not change, plasma SID decreased during
hemodilution. In contrast, base excess increased during hemodi-

lution with solutions 3 and 2 (crystalloid SID 40 mEg/L and 30
mEq/L, respectively) and decreased only with the remaining three
solutions. The relationships between hemoglobin concentrations
and both plasma SID and whole blood base excess throughout
dilution were linear, with slopes proportional to the SID of the
diluent in each case. Linear regression revealed that the SID of
crystalloid producing a zero base excess/hemoglobin concentra-
tion slope during blood dilution (i.e., no change in metabolic
acid-base status) is 23.7 mEq/L.

Conclusions: On in vitro hemodilution, there is a simple linear
relationship between diluent crystalloid SID and the rate and
direction of change of plasma SID and whole blood base excess.
Direct extrapolation to in vivo situations such as acute normovol-
emic hemodilution and large volume correction of extracellular
fluid deficits requires experimental confirmation. (Crit Care Med
2002; 30:157-160)
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hen large volumes of in-

travenous saline are ad-

ministered to correct ex-

tracellular fluid deficits,

metabolic acidosis can result (1-3). Infu-
sion-related metabolic acidoses have been
described as “dilutional” (4-7), the con-
cept being that extracellular [HCO; ] is
reduced by simple dilution with large vol-
umes of non-HCO; -containing fluid.
Risky clinical scenarios are those where
crystalloid fluids are commonly added to
the vasculature in large volumes. They
include normovolemic hemodilution,
cardiopulmonary bypass, preload respon-
sive shock states, multitrauma, burns,
liver transplantation, diabetic ketoacido-
sis, and hyperosmolar nonketotic coma.
Stewart’s physical-chemical approach
provides further insight into the causa-
tion of infusion-related metabolic acido-
sis (8-10). In the Stewart analysis, pH
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and [HCO; | are dependent variables de-
termined by three independent variables:
Pco,, strong ion difference (SID), and the
total concentration of nonvolatile weak
acid buffer (Argr). Strong ions such as
Na*, K*, CI7, and lactate are essentially
fully ionized in vivo at all physiologic
concentrations and acid-base conditions,
so that SID = [strong cations] — [strong
anions]. Plasma Apqr consists largely of
albumin and inorganic phosphate,
whereas hemoglobin is the predominant
contributor to A;qy in whole blood (11).

In normal plasma there is a surfeit of
strong cations, so that plasma SID is ap-
proximately 40 mEq/L. This SID “space”
is filled passively by the components of
buffer base (12), consisting of the weak
ions HCO;~ and nonvolatile buffer an-
ions (A7), where Argr = HA + A™. By
definition, SID is numerically identical to
the buffer base concentration (13). In
metabolic acidosis, SID and buffer base
are decreased, whereas in metabolic alka-
losis they are increased. On the other
hand, acute reductions in Apqp cause

metabolic alkalosis, and elevations cause
metabolic acidosis (14).

According to this model, crystalloid
infusions can affect metabolic (nonrespi-
ratory) acid-base balance in two
ways—Dby altering SID and by reducing
Aror. Although SID is a term normally
applied to body fluids, it also seems log-
ical to consider how the SID of a given
crystalloid might determine its acid-base
effects (15). All NaCl solutions have a
zero SID, because Na® and Cl™ are
present in equimolar concentrations.
This is also true of dextrose in saline
solutions. The SID of water, dextrose so-
lutions, and mannitol is also zero, be-
cause no strong ions are present. Dilu-
tion of any body fluid (plasma, whole
blood, or extracellular fluid) must alter
the SID of that fluid toward that of the
diluent. For example, large-volume infu-
sion with zero SID fluids such as saline
reduces plasma, whole blood, and extra-
cellular SID, pushing acid-base balance
in the direction of a metabolic acidosis
(16, 17). Importantly, although this type
of acidosis is commonly thought of as
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hyperchloremic, the phenomenon also
can occur with a reduction in chloride
concentrations, as demonstrated with
mannitol infusions (18).

Apart from effects on SID, acute extra-
cellular dilution with crystalloid reduces
Aror, so that there is simultaneous pro-
duction of a metabolic alkalosis. The final
outcome is then a summation of the ef-
fects of altered extracellular SID and re-
duced Ao In the case of large-volume
infusions of crystalloids such as saline,
SID reduction overwhelms the metabolic
alkalosis of Apgr dilution, and metabolic
acidosis is the result. For a crystalloid not
to produce acid-base disturbances during
large-volume infusion, some SID reduc-
tion must be necessary to offset the met-
abolic alkalosis of Apqy dilution, but the
two processes should balance exactly.

Although these general principles can
be stated, it is unclear whether the cal-
culated SID of a crystalloid can be used in
any practical sense to quantify its acid-
base effects. The precise relationship be-
tween the SID of an infused crystalloid
and its effect on metabolic acid-base sta-
tus is difficult to determine in theory.
This is because strong ions introduced
into the vasculature are distributed
among plasma, erythrocytes, and intersti-
tial fluid in complex ways governed by
Gibbs-Donnan equilibria and the laws of
electroneutrality and of chemical equilib-
rium. We therefore devised an in vitro
experiment to determine whether calcu-
lating crystalloid SID might find applica-
tion as a means of quantifying its acid-
base effects.

MATERIALS AND METHODS

We performed serial dilutions of oxygen-
ated fresh blood by using five different crys-
talloid solutions with in vifro SID values rang-
ing from —4 mEq/L to 40 mEq/L (Table 1).
Solutions 1-3 were prepared fresh by admix-
ture of 0.9% saline, 0.45% saline (Baxter
Healthcare, Sydney, Australia), and 8.4% so-
dium bicarbonate (Astra Pharmaceuticals,
Sydney, Australia) to a total of 100 mL in
proportions calculated to produce the electro-
lyte concentrations set out in Table 1.

Venous blood was collected from two of the
investigators (TJM and BV) in heparin-coated
syringes. The policy of the Institutional Re-
view Board is to allow the use of investigators’
blood for experimental purposes. Each speci-
men then was divided into five aliquots of 6
mL. These were drawn into syringes and agi-
tated with a gas mixture containing 95% oxy-
gen and 5% CO, (Carbogen; BOC Gases Aus-
tralia) until blood gas analysis at 37°C (ABL
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Table 1. Electrolyte concentrations (mmol/L) and strong ion difference (SID) values (mEq/L) of five

crystalloid fluids used as experimental diluents

Hartmann’s? 0.9% Saline” Solution 1 Solution 2 Solution 3
Sodium 129 150 140 140 140
Chloride 109 150 120 110 100
Bicarbonate 20 30 40
Lactate 29
Potassium 5
Calcium 2
SID —4 0 20 30 40

“Baxter Healthcare, Sydney, Australia.

625; Radiometer, Copenhagen, Denmark) con-
firmed that the oxygen tension exceeded 250
torr. The gas was expelled and the syringes
were sealed with rubber stoppers and placed
on ice. One experimental diluent fluid (Table
1) was allocated to each aliquot.

Four to five dilutions of each aliquot were
then performed by serial anaerobic injections
of 1 mL of diluent through the rubber stopper
via a 23-gauge needle. After each admixture,
the blood was agitated for 2 mins. Blood gas
analysis at 37°C was performed before and
after each admixture, and 1 mL was set aside
in a plain glass vial for subsequent multichan-
nel biochemical analysis.

Calculations. Whole blood base excess
(BE) values were calculated by substituting
plasma pH, blood Pco,, and oximetrically mea-
sured total hemoglobin concentrations ([Hb])
in the Van Slyke equation (19).

Plasma SID was calculated as the plasma
buffer base concentration by using an adapta-
tion by Schlichtig and colleagues (11) of the
formula of Figge and coworkers (20):

SID = [buffer base] = [HCO; | + [A7],

where [A™] = [albumin] X (1.16 X pH —5.83)
+ [phosphate] X (0.42 X pH —1.27), and
[HCO5;] = 0.03 X PCO, X antilog (pH —6.1)
with [albumin] expressed in g/L, [phosphate]
in mM, and Pco, in torr.

Data Analysis. A software program was
used (Excel 97 for Windows; Microsoft, Red-
mond, WA). Correlations between variables
were analyzed by linear regression. Signifi-
cance was accepted at p = .05. Data are ex-
pressed as mean =* sp.

RESULTS

Mean [Hb] values were 148 = 7 g/L
predilution and 65 * 11 g/L after the
final addition of diluent crystalloid. Mean
predilution SID and BE values were 39.2
+ 2.0 mEg/L and —1.0 = 0.7 mEq/L,
respectively. The lowest blood Po, mea-
surements were 333 torr predilution and
238 torr postdilution.

Effect of Hemodilution on SID. Apart
from dilutions with solution 3 (crystal-
loid SID 40 mEgq/L) during which plasma

SID did not change, plasma SID de-
creased during hemodilution in a linear
relationship with [Hb] (R? = .87-.91; Fig.
1). SID reductions became more pro-
nounced as crystalloid SID decreased.

Effect of Hemodilution on BE. BE was
also linearly related to [Hb] in each series
of dilutions, with R® values ranging from
.81 to 1 (Fig. 1). However, BE increased
during hemodilution with solutions 3
and 2 (crystalloid SID 40 mEq/L and 30
mEq/L, respectively) and only decreased
with the remaining three solutions (Fig.
1).
The BE/[Hb] and SID/[Hb] slopes were
linearly related to the diluent SID (R? =
1 and .98, respectively, Fig. 2). The equa-
tion of the BE/[HDb] slope regression was
BE/[Hb] slope = 0.14506 — 0.00613 X
diluent SID. By solving for a slope of zero,
we thus determined that the diluent SID
associated with no change in BE on dilu-
tion was 23.7 mEq/L.

DISCUSSION

In an in vitro blood dilution, we found
simple linear relationships between the
degree of hemodilution (as quantified by
decreasing [Hb]) and both SID and BE,
with the slopes of these relationships di-
rectly proportional to the SID of the di-
luent. If this also holds true in vivo, the
SID of any given crystalloid might be
used as a simple descriptor of its potential
acid-base effects on large-volume infu-
sion or during acute normovolemic he-
modilution. The concept might also as-
sist in developing crystalloid fluids
designed to affect acid-base balance in
precise and specific ways.

Our findings confirm that no change
or a small reduction in plasma SID on
hemodilution is associated with a pro-
gressive metabolic alkalosis (increasing
BE) attributable to the predominance of
the concurrent reduction in Apgp (solu-
tions 3 and 2; Fig. 1). The data thus
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Figure 1. Concurrent effects on plasma strong
ion difference (SID) and whole blood base excess
(BE) of in vitro hemodilution by using five di-
luents with differing SID values. Diluents were
solution 3 (SID, 40 mEq/L; open circles), solution
2 (SID, 30 mEq/L; open squares), solution 1 (SID,
20 mEq/L; open triangles), 0.9% saline (SID, 0
mEq/L; closed diamonds), and Hartmann’s solu-
tion (SID, —4 mEq/L; open diamonds). Regres-
sion lines are shown (see text). Decreasing crys-
talloid SID increases the slopes of the SID/[Hb]
and BE/[Hb] relationships. However, no solution
increases plasma SID on hemodilution, whereas
dilution with solutions 3 and 2 increases BE
because of concurrent reduction in the total con-
centration of nonvolatile weak acid buffer. /Hb/,
hemoglobin concentration.

support the concept that hemodilution
must significantly decrease plasma SID to
maintain a neutral metabolic acid-base
status. From our data, a crystalloid SID of
24 mEq/L is required to achieve this goal
in vitro.

Of interest, this value is identical to
the effective in vivo SID of Hartmann’s
solution, assuming that infused lactate is
completely metabolized so that it no
longer contributes to SID. Conversely,
when considered purely as an in vitro
preparation (i.e., without lactate metabo-
lism), the SID of Hartmann’s solution is
—4 mEq/L. This is the value we assigned
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Figure 2. Linear relationship between base ex-
cess’/hemoglobin concentration (diamonds) and
strong ion difference (SID)/hemoglobin concen-
tration (triangles) slopes and diluent SID. The
regression lines are shown (see text).

to the solution for the in vitro experiment
(Table 1). In all SID determinations, we
followed the view that Ca®* and Mg®*
should be categorized as weak ions be-
cause they bind reversibly to albumin in a
pH-dependent manner (11). This is con-
trary to the widely held opinion that they
are both strong ions (9).

A degree of hyperoxia was maintained
throughout the period of data collection
to prevent saturation-linked alterations
in hemoglobin buffering capacity (21),
and the blood also was cooled during this
time to minimize endogenous lactate
production. Changes in metabolic acid-
base status during data collection thus
were restricted as far as possible to the
effects of hemodilution. [Hb] reduction
was chosen rather than changes in [albu-
min] to quantify hemodilution and its
relationship with BE. This is because he-
moglobin is the major contributor to
whole blood Ay, and BE is the relevant
in vitro whole blood acid-base parameter.
Although SID was determined in plasma
rather than whole blood, there was also a
clear linear relationship between plasma
SID and the whole blood parameter [Hb]
on hemodilution.

Direct extrapolation of these data to in
vivo conditions is not automatic. An im-
portant disparity is that infused strong
ions are distributed in the total extracel-
lular space, whereas the components of
Aror (especially hemoglobin) remain
concentrated in the intravascular space.
A modification of BE called standard base
excess is the recommended clinical met-
abolic acid-base parameter because it
more accurately quantifies in vivo meta-
bolic acid-base changes (13). To emulate
total extracellular buffering, standard
base excess is BE calculated at a hemo-
globin concentration of 50 g/L, which is

e conclude
from this in
vitro  study
that there is a simple linear
relationship between diluent
crystalloid strong ion differ-
ence (SID) and the rate and
direction of change of plasma
SID and whole blood base ex-

cess on hemodilution.

the approximate mean extracellular he-
moglobin concentration. Standard base
excess is demonstrably CO,-invariant in
vivo (22), implying that although derived
from in vitro data it successfully models
in vivo buffering conditions. Standard
base excess is thus the appropriate end
point with which to quantify the in vivo
acid-base effects of crystalloid hemodilu-
tion.

However, there is currently little de-
tailed information on in vivo acid-base
consequences of altering crystalloid SID.
To our knowledge, the best available data
come from an investigation into the acid-
base effects of two different pump-prime
fluids during cardiopulmonary bypass,
one of which was a colloid-crystalloid mix
and the other Plasmalyte 148 (23). Both
priming fluids precipitated an immediate
metabolic acidosis on commencement of
bypass. With Plasmalyte 148, the acidosis
was transient and attributable to unmea-
sured anions, presumably unmetabolized
acetate and gluconate. By completion of
bypass, the unmeasured anions had dis-
appeared, and there was an overall trend
toward a metabolic alkalosis (change in
BE = +1.15 mEq/L). The effective in vivo
SID of Plasmalyte 148 is 47 mEq/L as-
suming complete metabolism of acetate
and gluconate. From this study it can
only be said that a crystalloid SID of 47
mEq/L creates a metabolic alkalosis on
hemodilution in vivo, and that the SID of
a crystalloid with neutral acid-base char-
acteristics must be less than this value.

Our findings relate exclusively to crys-
talloid fluids. We did not study the acid-
base effects of in vitro colloid hemodilu-
tion. Albumin-containing preparations
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are likely to have more complex effects,
because any infused albumin contributes
to Apor. Plasma expanders containing
molecules such as hydroxyethyl starch
may induce changes in acid-base balance
that are less well explained by the Stewart
approach (24). One “physiologically bal-
anced” preparation containing hydroxy-
ethyl starch is currently under trial (25).
Information on its acid-base effects is still
limited, but in an animal model of septic
shock it produced less metabolic acidosis
and longer survival as a resuscitation
fluid compared with 0.9% saline (26).

We conclude from this in vitro study
that there is a simple linear relationship
between diluent crystalloid SID and the
rate and direction of change of plasma
SID and whole blood BE on hemodilu-
tion. Direct extrapolation to in vivo situ-
ations such as acute normovolemic he-
modilution and large volume correction
of extracellular fluid deficits requires ex-
perimental confirmation.

REFERENCES

1. Scheingraber S, Rehm M, Sehmisch C, et al:
Rapid saline infusion produces hyperchlor-
emic acidosis in patients undergoing gyne-
cologic surgery. Anesthesiology 1999; 90:
1265-1270

2. McFarlane C, Lee A: A comparison of Plas-
malyte 148 and 0.9% saline for intra-
operative fluid replacement. Anaesthesia
1994; 49:779-781

3. Prough DS, Bidani A: Hyperchloremic meta-
bolic acidosis is a predictable consequence of
intraoperative infusion of 0.9% saline. Anes-
thesiology 1999; 90:1247-1249

4. Mathes DD, Morell RC, Rohr MS: Dilutional

160

10.

11.

12.

13.

14.

15.

16.

acidosis: Is it a real clinical entity? Anesthe-
siology 1997; 86:501-503

. Goodkin DA, Raja RM, Saven A: Dilutional

acidosis. South Med J 1990; 83:354-355.

. Garella S, Chang BS, Kahn SI: Dilutional

acidosis and contraction alkalosis: Review of
a concept. Kidney Int 1975; 8:279-283

. Prough DS: Acidosis associated with periop-

erative saline administration. Dilution or de-
lusion? Anesthesiology 2000; 93:1167-1169

. Stewart PA: How to understand acid-base. /n:

A Quantitative Acid-Base Primer for Biology
and Medicine. Stewart PA (Ed). New York,
Elsevier, 1981, pp 1-286

. Stewart PA: Modern quantitative acid-base

chemistry. Can J Physiol Pharmacol 1983;
61:1444-1461

Story DA, Liskaser F, Bellomo R: Saline in-
fusion, acidosis and the Stewart approach.
Anesthesiology 2000; 92:624

Schlichtig R, Grogono AW, Severinghaus JW:
Current status of acid-base quantitation in
physiology and medicine. Anesthesiol Clin
North Am 1998; 16:211-233

Singer RB, Hastings AB: An improved clini-
cal method for the estimation of distur-
bances of the acid-base balance of human
blood. Medicine 1948; 27:223-242
Siggaard-Andersen O, Fogh-Andersen N:
Base excess or buffer base (strong ion differ-
ence) as measure of a non-respiratory acid-
base disturbance. Acta Anesth Scand 1995;
39(Suppl 107):123-128

Rossing TH, Maffeo N, Fencl V: Acid-base
effects of altering plasma protein concentra-
tion in human blood in vitro. J Appl Physiol
1986; 61:2260-2265

LeBlanc M, Kellum J: Biochemical and bio-
physical principles of hydrogen ion regula-
tion. In: Critical Care Nephrology. Ronco C,
Bellomo R (Eds). Dordrecht, The Nether-
lands, Kluwer Academic, 1998, pp 261-277
Miller LR, Waters JH: Mechanism of hyper-
chloremic nonanion gap acidosis. Anesthesi-
ology 1997:87:1009-1010

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Storey DA: Intravenous fluid administration
and controversies in acid-base. Critical Care
and Resuscitation 1999; 1:151-156

Makoff DL, Silva JA da, Rosenbaum BJ, et al:
Hypertonic expansion: Acid-base and electro-
lyte changes. Am J Physiol 1970; 218:
1201-1207

Siggaard-Andersen O: The Van Slyke equa-
tion. Scand J Clin Lab Invest 1977; 37(Suppl
146):15-20

Figge J, Mydosh T, Fencl V: Serum proteins
and acid-base equilibria: A follow-up. J Lab
Clin Med 1992; 120:713-719

Stainsby WN, Eitzman DG: Roles of CO,, O,
and acid in arteriovenous [H*] difference
during muscle contractions. J Appl Physiol
1988; 65:1803-1810

Schlichtig R, Grogono AW, Severinghaus JW:
Human PaCO, and standard base excess
compensation for acid-base imbalance. Crit
Care Med 1998; 26:1173-1179

Liskaser FJ, Bellomo R, Hayhoe M, et al: Role
of pump prime in the etiology and pathogen-
esis of cardiopulmonary bypass-associated
acidosis. Anesthesiology 2000; 93:1170-1173
Rehm M, Orth V, Scheingraber S, et al: Acid-
base changes caused by 5% albumin versus
6% hydroxyethyl starch solution in patients
undergoing acute normovolemic hemodilu-
tion. Anesthesiology 2000; 93:1167-1169
Gan TJ, Bennett-Guerrero E, Phillips-Bute B,
et al: Hextend, a physiologically balanced
plasma expander for large volume use in ma-
jor surgery: A randomised phase III clinical
trial. Hextend Study Group. Anesth Analg
1999; 88:992-998

Kellum JA, Schmigel J, Venkataraman R:
Fluid resuscitation and hyperchloremic aci-
dosis in experimental sepsis: Improved sur-
vival and acid-base balance with a synthetic
colloid in a balanced electrolyte solution
compared to saline. Crit Care Med 2000;
28(Suppl):A199

Crit Care Med 2002 Vol. 30, No. 1



