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Use of a Quantitative Strong lon Approach to Determine the
Mechanism for Acid—Base Abnormalitiesin
Sick Calves with or without Diarrhea

Peter D. Constable, Henry R. Stampfli, Hérve Navetat, Joachim Berchtold, and Frangois Schelcher

Acid-base abnormalities are frequently present in sick calves. The mechanism for an acid-base disturbance can be characterized
using the strong ion approach, which requires accurate values for the total concentration of plasma nonvolatile buffers (A,,) and
the effective dissociation constant for plasma weak acids (K,). The aims of this study were to experimentally determine A, K,,
and net protein charge values for calf plasma and to apply these values quantitatively to data from sick calves to determine
underlying mechanisms for the observed acid-base disturbance. Plasma was harvested from 9 healthy Holstein-Friesian calves and
concentrations of quantitatively important strong ions (Na*, K+, Ce**, Mg?*, Cl-, L-lactate) and nonvolatile buffer ions (total
protein, albumin, phosphate) were determined. Plasma was tonometered with CO, at 37°C, and plasma Pco, and pH measured
over arange of 15-159 mm Hg and 6.93-7.79, respectively. Strong ion difference (SID) was calculated from the measured strong
ion concentrations, and nonlinear regression was used to estimate values for A, and K, from the measured pH and Pco, and
calculated SID. The estimated A, and K, values were then validated using data from 2 in vivo studies. Mean (= SD) values for
calf plasma were A, = 0.343 mmol/g of total protein or 0.622 mmol/g of albumin; K, = (0.84 = 0.41) X 1077, pK, = 7.08. The
net protein charge of calf plasma was 10.5 mEg/L, equivalent to 0.19 mEg/g of total protein or 0.34 mEg/g of albumin. Application
of the strong ion approach to acid-base disturbances in 231 sick calves with or without diarrhea indicated that acidemia was due
predominantly to a strong ion acidosis in response to hyponatremia accompanied by normochloremia or hyperchloremia and the
presence of unidentified strong anions. These results confirm current recommendations that treatment of acidemia in sick calves
with or without diarrhea should focus on intravenous or PO administration of a fluid containing sodium and a high effective SID.
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Acidemia and metabolic acidosis occur commonly in
sick calves with or without diarrhea. Metabolic aci-
dosis in diarrheic calves was originaly attributed to fecal
bonate loss as well as the presence of unidentified organic
acids in plasma and a decrease in glomerular filtration rate
in response to severe dehydration.** These proposed mech-
anisms for development of metabolic acidosis were based,
in part, on the presence of hyper-L-lactatemia in diarrheic
calves,t?58 hyper-L-lactatemia and extensive loss of bicar-
bonate in the watery stool of humans with cholera,” and
from (personal communication) of a high fecal bicarbonate
concentration (40 mEg/L) in 4 calves with experimentally
induced enterotoxigenic Escherichia coli diarrhea.c How-
ever, metabolic acidosis in diarrheic calves is probably pre-
dominantly due to causes other than fecal bicarbonate loss
because diarrheic calves have measured mean daily feca
losses of sodium (10.3 mEg/kg body weight), potassium
(1.7 mEg/kg body weight), and chloride (7.9 mEg/kg body
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weight), producing an estimated daily fecal unmeasured an-
ion loss of 4.1 mEg/kg body weight.2 The estimated daily
fecal unmeasured anion loss is equivalent to a maximal
reduction in plasma bicarbonate concentration of 8.2 mEg/
L for each day of diarrhea, assuming that the distribution
space for bicarbonate approximates the extracellular fluid
volume of calves (50% of body weight), and that the con-
centration of unmeasured fecal anions (such as acetate and
D-lactate) is negligible. The latter assumption is clearly in-
correct, in that median concentrations of acetate and p-lac-
tate in the feces of diarrheic calves are 23 and 25 mmol/L,
respectively.® In other words, reduction in plasma bicarbon-
ate concentration due to fecal bicarbonate loss is likely to
be substantially less than 8.2 mEg/L for each day of diar-
rhea. Moreover, net bicarbonate movement across the calf’s
intestine is similar in healthy and diarrheic calves.’® Taken
together, these results indicate that fecal bicarbonate lossis
probably not the major cause of metabolic acidosis in di-
arrheic calves.

Despite the findings of early studies in diarrheic calves
that identified hyper-L-lactatemia (mean blood or plasma
lactate concentration = 5.1,* 3.6,¢ or 2.22 mmol/L; refer-
ence range, 0.6-1.9 mmol/L*) and that blood L-lactate con-
centration was related to the severity of dehydration in
calves <1 week of age® metabolic acidosis in diarrheic
calves is not predominantly due to hyper-L-lactatemia in
response to dehydration and poor tissue perfusion. Recent
studies have indicated that serum L-lactate concentrations
were similar in diarrheic and healthy calves® and that severe
dehydration produces only a mild L-lactic acidosis in
calves.* Furthermore, p-lactic acidosis has been identified
as an important factor in the development of acidemia in
diarrheic calves? It therefore appears that metabolic aci-
dosis in diarrheic calves probably arises from factors other
than fecal bicarbonate loss and hyper-L-lactatemia as a re-
sult of dehydration and decreased tissue perfusion.
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Since the first report of hyper-p-lactatemiain sick calves
in 1997, it has become clear that metabolic acidosis in
calves can result from an increase in plasma strong anion
concentrations such as p-lactate after ruminal or large in-
testina fermentation of milk and oral electrolyte solu-
tions.213-16 A decrease in plasmastrong ion difference (SID;
the difference in concentration between plasma strong cat-
ions and anions) directly causes a strong ion acidosis and
acidemia.’”18 Plasma SID is decreased by hyper-b-lactatem-
ia, hyper-L-lactatemia, and hyponatremia accompanied by
normochloremia or hyperchloremia; these changes are usu-
aly present in diarrheic calves.t31°20 Dehydration increases
the plasma protein concentration, and such an increase
causes a nonvolatile buffer ion acidosis and acidemia.*”'®
The relative contribution of hyper-p-lactatemia, hyper-L-
lactatemia, and hyponatremia, accompanied by normochlo-
remia or hyperchloremia, and increased plasma protein con-
centration to the severity of the acidemiain sick calveswith
and without diarrhea is currently unknown, athough hyper-
D-lactatemia appears to be quantitatively more important
than hyper-L-lactatemia.®1516

Acid-base balance has traditionally been evaluated by us-
ing the Henderson-Hasselbalch equation to characterize 4
primary acid-base disturbances (ie, respiratory acidosis and
akalosis, metabolic acidosis, and akalosis)* and by cal-
culating the anion gap to determine whether metabolic ac-
idosis is due to the loss of bicarbonate or the increase in
unmeasured plasma anion concentrations such as L-lactate
or p-lactate.?* However, because the anion gap is altered
by changes in serum protein concentration and therefore the
net anionic charge on serum proteins, the anion gap does
not accurately quantify the unmeasured strong ion charge
in calves with an abnormal serum protein concentration as
aresult of dehydration or inadequate absorption of colostral
immunoglobulins. The first objective was therefore to cal-
culate the net protein charge in calf plasmain order to more
accurately quantify the unmeasured strong ion charge in
sick calves with or without diarrhea.

Two mechanistic physicochemical approaches have been
developed to evaluate acid-base balance; Stewart’s strong
ion model'” and the simplified strong ion model.’® The
strong ion approach states that 3 independent variables
(plasma SID, Pco,, and plasma nonvolatile buffer ion con-
centration) directly determine plasma pH and that 6 primary
acid-base disturbances (ie, respiratory acidosis and alkalo-
sis, strong ion acidosis and akalosis, nonvolatile buffer ion
acidosis and akalosis) exist.?* Because an accurate under-
standing of the mechanism for an acid-base abnormality
may lead to better treatment protocols, the second objective
was to use the strong ion approach to characterize the
mechanism for acid-base abnormalitiesin diarrheic and sick
calves.

The strong ion approach requires species-specific values
for the total plasma concentration of nonvolatile weak acids
(Ao i€, the total concentration of plasma nonvolatile buff-
ers; albumin, globulin, and phosphate) and the effective dis-
sociation constant (K,) for plasma nonvolatile buffers,1825-28
Values for A, and K, have been experimentally determined
in the plasma of horses,'®2> humans,? cats,?” and dogs,® and
theoretically determined for the plasma of cattle.?® We hy-
pothesized that A, and K, values for plasma of calveswere

similar to those of adult cattle, but different from those of
other species. Accordingly, the third objective of the study
reported here was to experimentally determine A, and K,
values for the plasma of calves and to compare these values
with A, and K, values for the plasma or adult cattle, horses,
cats, dogs, and humans.

Materials and Methods
Blood and Plasma Collection

Twenty mL of venous blood was collected into lithium-heparin
tubes from the jugular vein of 4 female and 5 male healthy Holstein-
Friesian calves, 4-55 days of age. Plasma was harvested by centri-
fugation within 30 minutes of collection and stored for up to 2 months
at —70°C. Plasmawas thawed at room temperature immediately before
CO, tonometry was performed.

CO, Tonometry of Plasma

Plasma samples were tonometered® for 20 minutes at 37°C over a
Pco, range of 15-159 mm Hg and a pH range of 7.79-6.93 using a
mixture of humidified 20% CO, and 100% O,. A total of 117 CO,
tonometered plasma samples were analyzed, and these samples rep-
resented 8-16 different Pco, values for each calf.

Blood and Plasma Analyses

The jugular venous blood sample and all tonometered plasma sam-
ples were analyzed' in duplicate for blood/plasma gas analysis (pH,
Pco,) and determination of [Na‘], [K*], [C&*], [Cl], and [L-lactate].
An untonometered plasma sample was analyzed¢ in duplicate for de-
termination of strong cation (Mg?*) and nonvolatile buffer ion (total
protein, albumin, and inorganic phosphate) concentrations.

Calculation of SID

All strong cation (Na*, K*, Ca?*, Mg@?*) and strong anion (Cl -, L-
lactate) concentrations were assumed to be constant during CO, to-
nometry. Accurate measurements of SID are difficult to obtain in plas-
ma due to cumulative measurement error, presence of unknown strong
anions, and differences in equipment and methodology used to mea-
sure strong ion concentrations.#212627 Accordingly, SID was initially
calculated using 3 methods: SID, = [([Na‘] + [K*]) — ([CI-])]; SID,
= [((Na'] + [K*]) = ([CI"] + [L-lactate])]; SIDg = [([Na'] + [K]
+ [Ca*] + [Mg*]) — ([ClI7] + [L-lactate])], and a fixed value for
SID,, SID,, and SID4 assigned using the mean value for al CO, ton-
ometered samples from each calf. A fixed value for SID during in
vitro CO, tonometry is one of the assumptions of the strong ion ap-
proach; SID is invariant over the physiologic range of pH because
strong ions are fully dissociated at physiologic pH.71®

Estimation of A and K,

Measured values for pH and Pco,, calculated values for SID,, SID,,
and SID,, the 6-factor simplified strong ion electroneutrality equa-
tion,*® and the Marquardt nonlinear regression procedure®" were used
to simultaneously estimate values for A, and K,. This required appli-
cation of the 6-factor simplified strong ion electroneutrality equation,

SID — [HCO, ] — [A] = 0, @

in which the net nonvolatile buffer ion concentration in plasma ([A7])
was evaluated. The 6-factor simplified strong ion model*® was used
instead of Stewart’s 8-factor strong ion model*” because reducing the
number of variables in a nonlinear regression model leads to more
precise estimates?® and because changes in 2 of the 8 factorsin Stew-
art’s electroneutrality equation do not produce changes in pH and are
therefore redundant. 82
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To assist in estimating vaues for A, and K, Equation (1) was
expressed in the following form, of which the left 2 parts are a re-
statement of the traditional Henderson-Hasselbalch equation:

[HCO, ] = SPco,1060%#1 = SID — (AK)/(K, + 10°%) (2)

using known values for S (0.0307 [mmol/L]/mm Hg)* and pK," (6.120
at [NaCl] = 0.16 mmol/L).3* Using the value of 6.120 for pK," cal-
culates actua plasma [HCO,7] in (mmol/L) at 37°C3; likewise, the
methods used to calculate SID provide a value in terms of concentra-
tion. This means that Equation (2) estimates a value for A, in terms
of concentration (mmol/L). The form of the simplified strong ion elec-
troneutrality equation used in Equation (2) was selected because it
provided the narrowest confidence intervals for the estimated values
of A, and K, in this study. Initial estimates for A, of 5-30 mmol/L
in increments of 5 mmol/L and initia estimates for K, of 0.1 X 107
t0 3.0 X 107 in increments of 0.1 X 10~7 were used for the nonlinear
regression procedure. For each nonlinear regression procedure, the ac-
curacy of the estimated values for A, and K, were evaluated using
the number of iterations required to converge to a solution, calculating
the R? value, comparison of actual versus predicted values for [HCO,],
and examination of residual plots. A value of P < .05 was regarded
as significant.

The true value for SID was unknown. Therefore, a fourth nonlinear
regression procedure was performed to simultaneously estimate values
for A,, K, and SID (caled SID.mmes), With initial estimates for
SIDegimaed Of 30-50 MEQ/L in increments of 5 mEg/L. R? values were
calculated for the 4 nonlinear regression models (on the basis of SID,,
SID,, SIDg, SIDegimaed), Using the values obtained during CO, tonom-
etry of each plasma sample. The calculated A, values were evaluated
asthe A, indexed to the total protein concentration (A, and the A,
indexed to the albumin concentration (Ag.ap)- Mean (£ SD) vaues
for A, At Agar and K, were determined.

Validation of A, and K, Values

The estimated A, and K, values were applied to data obtained from
in vivo studies involving 8 healthy dairy calves with acute mixed
respiratory and metabolic acidosis induced by halothane anesthesia
and intravenous administration of L-lactic acid,’ and 5 healthy dairy
calves suckling a bicarbonate containing oral electrolyte solution (un-
published data). Plasma pH was calculated using the simplified strong
ion equation,®

pH = Iogm(Z-SID/{Kl-SPooz + KAy — KoSID +

VI(K;:SPco, + K.SID + K,A)? — 4-K;-S|D-Am}}) ©)

from calculated values for SID and reported values for Pco, and total
protein or albumin concentration; SID was calculated as SID = [Na‘]
+ [K*] = [CI7] — [L-lactate], where [Na*], [K*], and [CI-] were
determined by ion-selective electrode potentiometryi* and [L-lactate]
was determined by the L-lactate dehydrogenase method.' A, was cal-
culated from the total protein concentration, which was measured by
the biuret method.” The calculated pH vaue (pH..) was regressed
against the measured pH value (pH,.o) USiNg a statistical software
package,™ and a value of P < .05 was regarded as significant. The
accuracy of the 4 linear regression equations was evaluated using the
R? value and examination of residual plots. A vaue of P < .05 was
regarded as significant.

Comparison of A, and K, Values

The estimated values for A, and K, in plasma of calves were com-
pared with those obtained for plasma of horses,*®?> humans,® cats,?
and dogs® by using an unpaired t-test." Because 5 multiple comparisons
were being performed, the P value for significance was Bonferonni
adjusted for the number of comparisons, producing a P < .01 as sig-
nificant.

Determining the Mechanism for Acid-Base
Disturbances in Sick Calves

The major obstacle to the clinical application of the strong ion ap-
proach is obtaining an accurate value for SID.#2:-28 Determination of
SID requires identification and accurate measurement of all strong ions
in plasma, which is an impossible task because high concentrations of
unidentified strong anions, such as L-lactate, p-lactate, and uremic an-
ions, may be present in sick calves® and due to cumulative measure-
ment error. However, because SID has 2 components, measured strong
ion difference (SID,,) and unmeasured strong ion difference (SID,,..),**
the following equation is true:

SID = SID,, + SID,, (4

Rearrangement of Equation (2) and substitution for SID using Equa-
tion (4) produces the following equation:

SID,, = SPCO,10M-#Y) + (A J[1 + 100ka-»]} — SID, (5)

It is important to consider both SID,, and SID,,,, when calculating SID
because utilizing only SID,, (as SID,, = ([Na‘] + [K*] — [CI7]) in
calves with increased concentrations of other strong anions (such as
L-lactate, D-lactate) does not provide a useful insight into the mecha-
nism for an acid-base disturbance in diarrheic calves.

The strong ion approach indicates that we can determine the mech-
anism for an acid-base disturbance in calves by regressing the depen-
dent variable (hydrogen ion activity = a,.; pH = —log,sa,.) against
the 3 independent variables (SID, Pco,, A):

ay. =K, SPco, + K A, — K,'SID

+V{(K,SPco, + K, SID + K, A,)? — 4K2SID A} |
+(2:SID) (6)

This form of the simplified strong ion equation was selected for re-
gression analysis because it describes a more linear relationship among
a,, and SID, Pco,, A, than does Equation (3) and therefore is more
appropriate for stepwise linear regression analysis. Accordingly, values
for a,.,, measured strong ion concentrations (SID,,), Pco,, and total
protein concentration were extracted from 4 different data sets of
calves with naturally acquired or experimentally induced diarrhea,
calves with chronic indigestion due to rumina drinking, and calves
with septicemia and diarrhea

The first data set (study 1) consisted of the results of jugular venous
blood analysis from 81 sick Charolais calves with diarrhea but variable
degrees of dehydration (0-9% bodyweight, on the basis of extent of
eye recession into the orbit). The second data set (study 2) consisted
of the results of jugular venous blood anaysis from 64 Charolais
calves with experimentally induced enterotoxigenic Escherichia coli
diarrhea. The third data set (study 3) consisted of the published results
of jugular venous blood analysis from 42 Brown Swiss, 1 Holstein,
and 7 Simmental calves aged 6 days to 3 months with general malaise,
poor appetite, and metabolic acidosis as a consequence of ruminal
drinking syndrome.®* The fourth data set (study 4) consisted of the
results of jugular venous blood analysis from 27 Holstein, 2 German-
Angus, 1 German Simmental, and 6 Holstein-crossbreed calves aged
3-28 days with metabolic acidosis and diarrhea or respiratory dis-
ease.® To assist in comparing the results of analysis, the value for
SID,, was calculated from the measured serum sodium, potassium, and
chloride concentrations (SID,,, = [Na*] + [K*] — [CI~]), and the value
for A, was calculated from the measured serum total protein concen-
tration or plasma protein concentration.

Forward stepwise regression (P < .05 to enter and exit) was per-
formed separately on the 4 data sets to determine the relationship
among a,,, and SID,,, SID,,,, (calculated using Equation (5)), Pco,, and
A The order of entry of variables into the regression model and
partial R? values were used to determine the relative importance and
contribution of each variable to the acid-base derangement.?® Subse-
quently, stepwise regression was used to determine the relative con-
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Table 1. Summary of mean (+ SD) estimated values for SID, K,, Ay, Agan @d A, for 9 healthy calves.
Measurement SID K, A Ataib Acip

Method (mEg/L) (X 1077) (mmol/L) (mmol/g) (mmol/g)

SID, 430 = 24 1.08 = 0.49 201 = 47 0.654 = 0.150 0.359 + 0.102
SID, 411 = 2.7 0.84 = 041 192 £ 6.1 0.622 = 0.191 0.343 = 0.127
SIDg 454 = 3.6 1.68 = 0.64 20.8 = 3.9 0.676 = 0.117 0.370 = 0.084
SIDegimated 444 *+ 36 0.85 = 0.32 231*+61 0.750 *= 0.187 0411 * 0.122

SID, strong ion difference, which is the difference in charge between plasma strong cations and anions; K, effective dissociation constant for
plasma nonvolatile weak acids; A, total plasma concentration of nonvolatile weak acids; A..p, A INdexed to the plasma albumin concentration;
A A indexed to the plasma total protein concentration; SID,, ([Na‘] + [K*]) — [CI]; SID,, ([Na'] + [K*]) — ([C17] + [L-lactate]); SID,,
([Na*] + [K*] + [Ca*] + [Mg*]) — ([CI7] + [L-lactate]); SIDgimxes @ NONlinear regression procedure was used to simultaneously estimate

values for A, K,, and SID.

tribution of [Na*], [K*], [Cl], [L-lactate], and [D-lactate] to a,.. The
accuracy of the forward stepwise regression procedure was evaluated
by examining the residual plots and confirming that a regression pro-
cedure using backward elimination (P > .05 to exit) produced the
same final regression equation. A value of P < .05 was regarded as
significant.

Sensitivity of Plasma pH to Changes in SID, Pco,
and A,

Sensitivity of the dependent variable (plasma pH) to the 3 indepen-
dent factors (SID, Pco,, and A,,) of the simplified strong ion model
were graphically depicted by a spider plot,® which conveys the rela-
tionship between the dependent variable (pH) and percentage change
in 1 of the 3 independent factors while the remaining 2 independent
factors were held constant. The spider plot was created using Equation
(3) and typical values for the plasma of healthy Holstein bull calves
(n = 18), 3-14 days of age (pH = 7.38 = 0.03; SID = 42.0 = 24
mEg/L; Pco, = 53 = 4 mm Hg; total protein concentration = 54.1
=+ 0.4 g/L; unpublished data), as well as known values for S = 0.0307
[mmol/L]/mm Hg,® pK," = 6.120,3* and estimated values for A, and
pK,. The mean SID value of 42 mEg/L reflects the true mean SID for
the plasma of healthy calves; this value was calculated for each calf
from other measured variables using an algebraic rearrangement of
Equation (2). Individual data points from the 4 studies involving di-
arrheic or sick calves were superimposed on the spider plot using
reported values for pH, Pco,, tota protein concentration, and SID,,
([Na*] + [K*] — [CI7]), known values for S = 0.0307 [mmol/L]/mm
Hg* and pK," = 6.120,** and estimated values for A, (indexed to total
protein concentration) and pK,, and a calculated value for SID,,,, using
Equation (5). SID was calculated from SID,,, and SID,,,, as in Equation
4.

Derivatives of pH with respect to the 3 independent factors (SID,
Pco,, A.,) were then calculated as described® to provide an index of
the sensitivity of plasma pH to changes in each of the independent
factors at a reference pH of 7.38.

Results
Calculation of SID

Small differences in the mean value for SID; (43.0 mEg/
L), SID, (41.1 mEg/L), SIDg (45.4 mEQ/L), and SID imeed
(44.4 mEg/L) were obtained (Table 1).

Estimation of A, and K,

The R2 value for al nonlinear regression models obtained
using Equation (2) were >.98, indicating excellent fit to the
data. The estimated values for A, and K, were similar, with

slight variations occurring dependent on the value assigned
to SID (Table 1).

Validation of A, and K, Values

The estimated A, and K, vaues were applied to data
obtained from an in vivo study involving 8 calves with
acute mixed respiratory and metabolic acidosisand 5 calves
suckling a bicarbonate-containing oral electrolyte solution.
All 4 pairs of A, and K, values (from Table 1) were not
statistically different from the line of identity (slope = 1,
intercept = 0) relating calculated pH to measured pH, with
Re > .90 for all regression analyses (data not shown). How-
ever, on the basis of the R? values, the best fitting values
were derived from SID,; A, = (19.2 £ 6.1) mmol/L
(equivalent to 0.343 mmol/g of total protein or 0.622 mmol/
g of abumin); K, = (0.84 = 0.41) X 10-7; pK, = 7.08.

Comparison of A, and K, Values

The A, vaues of caf plasma were similar to those for
dog, cat, and human plasma, but different (P < .001) from
that for horse plasma. The K, values of calf plasma were
similar to those for cat and human plasma, but different (P
< .001) from those for dog and horse plasma.

Determining the Mechanism for Acid-Base
Disturbances in Sick Calves

Application of the strong ion approach and forward step-
wise regression using jugular venous a,,., as the dependent
variable and jugular venous SID,,, SID,,, Pco,, and A,
values as independent variables from calvesin studies 1, 2,
3, and 4 indicated that acidemia was due primarily to strong
ion acidosis, with SID accounting for 58% to 75% of the
change in pH (Fig. 1; Table 2). The strong ion acidosis was
due to a decrease in SID,, (R? ranging from 26% to 62%)
and SID,,, (R? ranging from 8% to 49%), indicating that an
increased unmeasured strong anion concentration was an
important contribution to the acidemia. Although changes
in Pco, accounted for 8-25% of the change in jugular ve-
nous a,,, this change was a partially compensating respi-
ratory alkalosis (Fig. 2). Acidemia was also due to a non-
volatile buffer ion acidosis, with A, accounting for 3% to
9% of the change in jugular venous a,,, (Fig. 3).

The relative contribution of changes in the measured
strong cation ([Na*] + [K*]) and anion ([Cl~]) concentra-
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Fig. 1. Spider plot revealing the dependence of plasma pH on
changes in the plasma strong ion difference (SID; solid line). The
spider plot was obtained by systematically varying SID while holding
the other 2 input variables (Pco, and A,,, total concentration of non-
volatile weak acids) at their reference values for the plasma of
healthy calves (Pco,, 53 mm Hg; A, 18.5 mmol/L). The dotted lines
indicate that pH = 7.38 when SID is at its reference value for the
plasma of healthy calves (42 mEg/L). Individua data points for pH
and SID obtained from 4 studies involving 231 sick calves with and
without diarrhea (filled symbols) are clustered around the pH-SID
relationship, thereby indicating that acidemia (pH < 7.38) was as-
sociated with a strong ion acidosis.

tionsto change in a,,, were determined using forward step-
wise regression to regress a,, against [Na‘], [K*], and
[CI-]. The partial R? values for significant (P < .05) vari-
ables in the regression model were: study 1 ([Cl-], partial
Re = .21, P < .0001; [Naf], partia Rz = .28, P < .0001);
study 2 ([Na*], partial Rz = .22, P < .0001; [Cl], partia
Re = .39, P < .0001); study 3 (no variables were significant
at P < .05); study 4 ([Cl], partid Rz = .22, P = .0067).
In the second study, where [D-lactate] was measured, the
relationship between change in [p-lactate] and change in
a,, was determined by regressing a,,, against [D-lactate].
The R? value was .26 (P < .0001), indicating that an in-
crease in plasma p-lactate concentration was statistically
related to jugular venous a,,.. In the fourth study, where
[L-lactate] was measured, [L-lactate] was not statistically
related (P = .41) to a,..

Sensitivity of Plasma pH to Changes in SID, Pco,
and A,

Analysis of the spider plots revealed that plasma pH was
most sensitive to changesin SID (Figs. 1- 3). The tangent
to each line in the spider plot reflects the sensitivity of calf
plasma pH to that factor, whereby, at the reference value
for pH in samples obtained from the jugular vein (ie, pH
7.38), dpH/dSID = +0.013 (mEg/L)"*, dpH/dPco, =
—0.007 mm Hg, dpH/A, = —0.003 (mmol/L)~* =
—0.001 (g total protein/L)-*. This indicated that, at pH of

Table 2. Determining the mechanism for acid-base dis-
turbances in sick calves with or without diarrhea. The re-
sults of forward stepwise regression of jugular venous hy-
drogen ion activity (a,,,) as the dependent variable versus
jugular venous SID,, (measured strong ion difference),
SID,,, (unmeasured strong ion difference), Pco,, and A,
(total concentration of nonvolatile weak acids) are present-
ed. Vaues were obtained from 81 diarrheic calves with var-
iable dehydration (0-9% bodyweight; study 1), 64 calves
with experimentally induced enterotoxigenic Escherichia
coli diarrhea (study 2), 50 sick calves with chronic indi-
gestion (study 3), and 36 calves with naturally acquired
diarrhea and septicemia (study 4). The order of entry of
variables into the regression model and partial R? values
were used to determine the relative importance and contri-
bution of SID,,, SID,,,, Pco,, and A, to the acid-base de-
rangement. The P vaue was <0.0001 for the coefficients
of al variables.

Order of
Entry into
Regression Partial Model
Model Variable R R
Study 1
1 SID,, 0.413 0.413
2 SID,, 0.162 0.575
3 Pco, 0.247 0.822
4 Aq 0.050 0.872
Study 2
1 SID, 0.622 0.622
2 SID,, 0.099 0.721
3 Pco, 0.098 0.819
4 Ag 0.034 0.853
Study 3
1 Pco, 0.231 0.231
2 SID, 0.080 0.311
3 SID,, 0.499 0.810
4 At 0.093 0.903
Study 4
1 SID,, 0.263 0.263
2 SID,, 0.490 0.753
3 Pco, 0.079 0.833
4 Aq 0.067 0.900

7.38, a1-mEQ/L decreasein SID will decrease pH by 0.013,
a 1-mm Hg decrease in Pco, will increase pH by 0.007,
and a 1-mmol/L decrease in A, will increase pH by 0.003.

Net Protein Charge

Net protein charge can have 2 components: strong ion
charge and nonvolatile buffer ion charge. Because the mean
value for SID of calf plasmawas calculated to be 42.0 mEg/
L (see earlier), the estimated strong ion charge of protein
in caf plasma approximates zero because 42 mEgQ/L is
within the 95% confidence intervals for SID,, SID,, SID,,
and SID imaeq (Table 1).

The value for nonvolatile buffer ion charge ([A"]) at pH
= 7.38 (normal plasma pH for calves) reflects the pH-de-
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Fig. 2. Spider plot revealing the dependence of plasma pH on
changes in the Pco, (solid line). The spider plot was obtained by
systematically varying Pco, while holding the other 2 input variables
(SID and A, total concentration of nonvolatile weak acids) at their
reference values for the plasma of heathy calves (SID, 42 mEqg/L;
A, 18,5 mmol/L). The dotted lines indicate that pH = 7.38 when
Pco, is at its reference value for the plasma of healthy calves (53
mm Hg). Individual data points for pH and Pco, obtained from 18
healthy calves (open circles) and 4 studies involving 231 sick calves
with or without diarrhea (filled symbols) are not clustered around the
pH-Pco, relationship, thereby indicating that acidemia (pH < 7.38)
was not associated with respiratory acidosis.

pendent component of net anion charge of protein and
phosphate; [A-] = A, /(1 + 10<aPH) = 186/(1 +
10708-738) = 12.4 mEg/L when A, is expressed in units of
mmol/L, assuming HA is uncharged and A~ has a valence
of —1. Because the net buffer ion charge of phosphate at
pH = 7.38 approximates 1.9 mEg/L (0.8 X the caf plasma
phosphate concentration of 2.4 = 0.2 mmol/L, n = 18,
unpublished data), the net buffer ion charge of protein ap-
proximates 12.4 — 1.9 = 10.5 mEg/L. As calculated pre-
viously, the pH-independent (net strong ion) charge of calf
plasma protein approximates 0 mEg/L. The net plasma pro-
tein charge at pH = 7.38 is therefore approximately 10.5
mEQ/L, equivalent to 0.19 mEg/g of total protein or 0.34
mEg/g of albumin.

Discussion

Use of the strong ion approach to evaluate acid-base sta-
tus requires species-specific values for A, and K,. In this
study, we experimentally determined mean values for A,
(0.343 mmol/g of total protein or 0.622 mmol/g of abumin)
and K, (0.84 X 1077) in plasma of caves. These A, and
K, values were similar to those for cattle and humans but
different from those reported for horses. The finding that
the A, and K, values for bovine and human plasma are
similar is consistent with observations that the pH-Pco, co-
ordinates for the base excess curve of bovine plasma par-
alel those for human plasma.’”3@
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Fig. 3. Spider plot revealing the dependence of plasma pH on
changes in the A, (total concentration of nonvolatile weak acids,
solid line). The spider plot was obtained by systematically varying
A, while holding the other 2 input variables (strong ion difference,
SID; Pco,) at their reference values for the plasma of healthy calves
(SID, 42 mEg/L; Pco,, 53 mm Hg). The dotted lines indicate that
pH = 7.38 when A, is at its reference value for the plasma of healthy
calves (18.5 mmol/L). Individual data points for pH and A, obtained
from 4 studies involving 231 sick calves with and without diarrhea
(filled symbols) tend to have alower pH than the pH-A,, relationship,
thereby indicating that acidemia (pH < 7.38) was partially associated
with nonvolatile buffer ion acidosis.

An important finding of this study is that acidemia in
sick calves with or without diarrhea is due predominantly
to astrong ion acidosis in response to hyponatremia accom-
panied by normochloremia or hyperchloremia and an in-
creased unmeasured strong anion concentration that is pre-
sumed to be predominantly due to hyper-b-lactatemia.® Ac-
idemia is due to a lesser extent to a nonvolatile buffer ion
acidosis as a result of an increased plasma protein concen-
tration. These findings confirm current recommendations
that the focus of fluid therapy in acidemic diarrheic calves
should be to administer an isosmotic to mildly hyperos-
motic fluid containing sodium and a high effective SID,394°
such as 1.3% or 1.4% sodium bicarbonate solutions. The
effectiveness of isosmotic sodium bicarbonate solutions in
treating diarrheic calves has become widely accepted on the
basis of the results of randomized, controlled clinical tri-
als.* An oral electrolyte solution with a high effective SID
would also appear to be more appropriate to treat acidemic
diarrheic calves. This recommendation is consistent with
the results of 5 studies™ indicating that administration of
an ora electrolyte solution with a high effective SID (79—
93 mEg/L) is more effective in correcting hyponatremiaand
metabolic acidosis than a solution of much lower effective
SID (0-31 mEg/L).

The Henderson-Hasselbalch equation has traditionally
been used to guide treatment of animals with acid-base ab-
normalities. There are 3 reasons why the clinical applica-
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tion of the Henderson-Hasselbalch equation has been suc-
cessful in guiding the treatment of acid-base disturbances
in sick calves with or without diarrhea. First, the treatment
of animals with acidemia and low plasma [HCQO,] has fo-
cused on the intravenous administration of an isosmotic so-
dium bicarbonate solution, with correction of the acid-base
abnormality being attributed to an increase in plasma
[HCO,] after treatment, instead of an increase in plasma
SID.#¢ Second, calculation of the standardized base excess
or actual bicarbonate concentration has provided a quick
and reliable method for calculating bicarbonate require-
ments, assuming that bicarbonate distributes in the extra-
cellular fluid space.® Third, Equation (2) indicates that the
change in plasma [HCO,] from normal is equivalent to the
change in plasma SID from normal, as long as there has
been no change in plasma [A~], and therefore the plasma
albumin, globulin, and phosphate concentrations and pH.
Although plasma protein concentration does vary markedly
in sick calves with or without diarrhea (Fig. 3), the mean
increase in plasma protein concentration (and therefore A,)
was approximately 20%. Because mean pH decreased to
approximately 7.15 in the calves in this study (Fig. 1), the
calculated value for [A7] in sick calves (12.0 mEg/L) was
similar to that in healthy calves (12.3 mEg/L). The apparent
success of plasma [HCO,] in quantifying the magnitude of
the metabolic acid-base abnormality in sick calvesisthere-
fore due to the relatively constant value for [A].

The traditional (Henderson-Hasselbalch) approach to
acid-base balance has usudly involved calculation of the
anion gap (AG) in order to quantify the unmeasured anion
concentration. The reference range for the AG of healthy
caves (n = 18) is 8.9-15.0 mEg/L (unpublished data) us-
ing the analytical equipment used in this study. We calcu-
lated the net anion charge of protein and phosphate in plas-
ma to be 12.4 mEg/L at norma pH. This result indicates
that the AG in healthy calves approximates the net anionic
charge of plasma protein and phosphate. Changes in the
AG of sick calves may therefore result from changesin the
plasma protein concentration, phosphate concentration, or
unmeasured strong cation and anion concentrations. In oth-
er words, the AG is a nonspecific method for quantifying
the unmeasured strong anion concentration (such as p-lac-
tate or L-lactate) in calf plasma.

A clinically useful method for adjusting the AG valuein
calf plasma for changes in the albumin or total protein con-
centration is calculation of an albumin or total protein-ad-
justed AG,*” whereby

albumin-adjusted AG = AG + 0.34 X (31.1 — [abumin])
%
and
total protein-adjusted AG = AG + 0.19
X (54.1 — [tota protein]), 8

where the albumin and total protein concentrations are mea-
sured in gramg/liter and are subtracted from reference mean
values for serum albumin concentration (31.1 g/L) and se-
rum total protein concentration (54.1 g/L, unpublished ob-
servations, n = 18). Equations (7) and (8) are formulated
to provide the normal reference range when abumin or
total protein concentrations are norma and, therefore, are
familiar to the clinician.#” The equations can be pro-

grammed into automated clinical biochemistry anayzers
that measure serum sodium, potassium, chloride, abumin,
total protein, and total CO, concentrations, thereby provid-
ing a more accurate estimate of unmeasured strong ion
charge in caf plasma than that currently provided by the
AG. An abumin-adjusted or total protein-adjusted AG
above the normal reference range therefore provides amore
specific indicator of the presence of unmeasured strong an-
ions than does the traditional AG.

A useful clinical application of strong ion difference the-
ory is calculation of the strong ion gap (SIG)*?848 instead
of the anion gap. The SIG provides an estimate for the
difference among the net strong ion charge of plasma non-
volatile buffers (albumin, globulin, and phosphate), unmea-
sured strong anion concentration (L-lactate, p-lactate, sul-
fate, nonesterified fatty acids, ketoacids, pH-independent
phosphate charge, and other strong anions), and unmea-
sured strong cation concentrations (Ca2*, Mg?*). Total pro-
tein or albumin can be used to index net nonvolatile buffer
ion charge; however, because albumin is the most important
buffer in the plasma of humans (exerting 73% of total buff-
ering, compared with 22% for globulin and 5% for phos-
phate),*® albumin may provide the best index, assuming al-
bumin is the most important buffer in calf plasma. On the
basis of the estimated values for A, and K,, the following
equations for calculating SIG (in mEg/L) in the plasma of
calves are proposed:

SIG = [dbumin]-

(0.622/{1 + 1078-pHI}) — anion gap, (9)
SIG = [total protein]-

(0.343/{1 + 10i7es-pHI}) — anion gap, (10)

where [total protein] and [abumin] are in gramg/liter and
the anion gap (in mEg/L) = ([Na*] + [K*]) — ([CIT] +
[HCO,]). Applying the reference values for jugular venous
plasma of healthy Holstein bull calves (n = 18; pH = 7.38;
[dbumin] = 31.1 g/L; [total protein] = 54.1 g/L; unpub-
lished data) and Equations (9) and (10), the SIG is approx-
imately —1 mEg/L (using [albumin]) and O mEg/L (using
[total protein]). Because the reference range for AG spans
approximately 6 meg/L, the reference range for SIG should
approximate 6 mEg/L. On this basis, a SIG >3 mEg/L
indicates an increase in unidentified strong cations (a rare
event), whereas a SIG <—3 mEg/L indicates an increase
in unidentified strong anions (a common event). Equations
(9) and (10) can also be applied to blood gas and serum
biochemistry values of healthy calves as an adjunct quality
control for assessing measurement accuracy.° In this case,
the 95% confidence interval for the mean SIG value should
include 0.

In conclusion, the results indicate that metabolic acidosis
in sick calves with and without diarrhea is due to hypona-
tremia accompanied by normochloremiaor hyperchloremia,
the presence of unidentified strong anions (presumed to be
primarily p-lactate), and an increase in plasma protein con-
centration. The most appropriate fluid for treating sick
calves with metabolic acidosis should therefore contain a
high sodium concentration and a high effective SID.
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b Constable PD, Stampfli HR. Using the simplified strong ion approach
to determine the mechanism for an acid-base disturbance in calves.
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¢Ward DE. Pathophysiology of enteric colibacillosis in the intact neo-
natal calf. Ithaca, NY: Cornell University, 1976. Dissertation

d Constable PD, Stampfli HR. Clinical assessment of acid-base status
in dogs. calculation of plasma Atot and Ka values for use in the
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391 (abstract #24)

eModel IL235, Instrumentation Laboratory, Lexington, MA

" Statprofile 9+, NOVA Biomedical, Canada LTD, Mississauga, On-
tario, Canada

9 Dacos multi-analyzer, Coulter Electronics, Hialeah, FL

" PROC NLIN, SAS 8e, SAS Ingtitute, Cary, NC

i Berchtold J, Constable B Smith G, et al. Acid-base, cerebrospinal
fluid, and cardiovascular effects of rapid intravenous hypertonic so-
dium bicarbonate administration in calves with experimentally in-
duced respiratory and metabolic acidosis. J Vet Int Med 2001;15:284

I Hitachi 704 automatic analyzer, Hitachi, Tokyo, Japan

ki-STAT, i-STAT Corp, Princeton, NJ

' Lactate, Sigma Diagnostics Inc, St. Louis, MO

m PROC REG, SAS 8e, SAS Ingtitute, Cary, NC

" PROC TTEST, SAS 8e, SAS Ingtitute, Cary, NC

o Stampfli, AJ Stevenson, L Brooks, MP Weber. The use of physio-
chemical calculations for additional quality control of automated
multianalyzer and blood gas measuring systems. Proceedings Xl
Congress International Society of Anima Clinical Biochemistry.
Chile 2004;9:66

Acknowledgments

Funding for this project was obtained from National Sci-
ence Research Council of Canada and the Ontario Ministry
of Agriculture. Work done at the University of Illinois, Ur-
bana-Champaign, IL, USA; University of Guelph, Guelph,
Canada; Le Donjon, France; Freie Universitat, Berlin, Ger-
many.

References

1. Tennant B, Harrold D, Reina-Guerra M. Physiologic and meta-
bolic factors in the pathogenesis of neonatal enteric infections in
calves. J Am Vet Med Assoc 1972;161:993-1007.

2. Demigné C, Rémésy C. Evolution of the postnatal metabolism
in the healthy or diarrhoeic calf. Ann Rech Vet 1979;10:23-31.

3. Groutides CR, Michell AR. Changes in plasma composition in
calves surviving or dying from diarrhoea. Br Vet J 1990;146:205-210.

4. Hartmann H, Berchtold J, Hofmann W. Pathophysiologische As-
pekte der Azidose bel durchfalkranken Kalbern. Tierarztl Umsch 1997;
52:568-574.

5. Lewis LD, Phillips RW, Elliott CD. Changes in plasma glucose
and lactate concentrations and enzyme activities in the neonatal calf
with diarrhea. Am J Vet Res 1975;36:413-416.

6. Naylor JM. Severity and nature of acidosis in diarrheic caves
over and under one week of age. Can Vet J 1987;28:168-173.

7. Wang F, Butler T, Rabbani GH, et a. The acidosis of cholera
Contributions of hyperproteinemia, lactic acidemia, and hyperphos-
phatemia to an increased serum anion gap. N Engl J Med 1986;315:
1591-1595.

8. Lewis LD, Phillips RW. Water and electrolyte losses in neonatal

calves with acute diarrhea. A complete balance study. Cornell Vet
1972;62:596-607.

9. Ewaschuk JB, Naylor JM, Palmer R, et al. p-lactate production
and excretion in diarrheic calves. J Vet Int Med 2004;18:744—747.

10. Bywater RJ, Logan EF. The site and characteristics of intestinal
water and electrolyte loss in Escherichia coli induced diarrhea in
calves. J Comp Pathol 1974;84:599—610.

11. Walker PG, Constable PD, Morin DE, et a. Comparison of
hypertonic saline-dextran solution and lactated Ringer’s solution for
resuscitating severely dehydrated calves with diarrhea. J Am Vet Med
Assoc 1998;213:113-121.

12. Navetat H, Biron B Contrepois M, et al. Les gastroentérites
paralysantes: maladie ou syndrome? Bull Acad Vet de France 1997;
70:327-336.

13. Schelcher F Marcillaud S, Braun JP, et al. Metabolic acidosis
without dehydration and no or minimal diarrhoea in suckler calves is
caused by hyper p-lactatemia. Proceedings of the World Buiatric Con-
gress, 1998, p 371-374.

14. Omole OO, Nappert G, Naylor JM, et a. Both L- and p-lactate
contribute to metabolic acidosis in diarrheic calves. J Nutr 2001;131:
2128-2131.

15. Ewaschuk JB, Naylor M, Zello GA. Anion gap correlates with
serum D- and L-lactate concentration in diarrheic neonatal calves. J
Vet Intern Med 2003;17:940-942.

16. Gentile A, Sconza S, Lorenz |, et a. p-lactic acidosis in calves
as a consequence of experimentally induced ruminal acidosis. J Vet
Med A 2004; 51:64-70.

17. Stewart PA. Modern quantitative acid-base chemistry. Can J
Physiol Pharmacol 1983;61:1444-1461.

18. Constable PD. A simplified strong ion model for acid-base equi-
libriac Application to horse plasma. J Appl Physiol 1997;83:297-311.

19. Fayet JC. Hydromineral metabolism of normal and diarrhoeic
calves. |. Faecal and urinary excretion, and the development of ap-
petite and body weight. Rech Vétér 1968;1:99-108.

20. Roussel AJ, Cohen ND, Holland PS, et a. Alterations in acid-
base balance and serum electrolyte concentrations in cattle: 632 cases
(1984-1994). J Am Vet Med Assoc 1998;212:1769-1775.

21. Constable PD. Clinical assessment of acid-base status: Com-
parison of the Henderson-Hasselbalch and strong ion approaches. Vet
Clin Path 2000;29:115-128.

22. Oh MS, Carroll HJ. Current concepts. The anion gap. New Engl
J Med 1977;297:814-817.

23. Constable PD, Streeter RK, Koenig GR, et al. Determinants and
utility of the anion gap in predicting hyperlactatemia in cattle. J Vet
Int Med 1997;11:71-79.

24. Constable PD, Hinchcliff KW, Muir WW. Comparison of anion
gap and strong ion gap as predictors of unmeasured strong ion con-
centration in plasma and serum from horses. Am J Vet Res 1998;59:
881-887.

25. Staempfli HR, Misiaszek JH, Lumsden, et a. Weak acid-con-
centration Atot and dissociation constant K, of plasma proteinsin race-
horses. Equine Vet J Suppl 1999;30:438-442.

26. Staempfli HR, Constable PD. Experimental determination of net
protein charge and A, and K, of nonvolatile buffers in human plasma.
J Appl Physiol 2003;5:620—630.

27. McCullough SM, Constable PD. Calculation of the total plasma
concentration of nonvolatile weak acids and the effective dissociation
constant of nonvolatile buffers in plasma for use in the strong ion
approach to acid-base balance in cats. Am J Vet Res 2003;64:1047—
1051.

28. Constable PD. Calculation of variables describing plasma non-
volatile weak acids for use in the strong ion approach to acid-base
balance in cattle. Am J Vet Res 2002;63:482—490.

29. Glantz SA, Slinker BK. Primer of Applied Regression and
Analysis of Variance. New York: McGraw-Hill; 1990:1-777.

30. Austin WH, Lacombe E, Rand PW, et a. Solubility of carbon
dioxide in serum from 15 to 38 C. J Appl Physiol 1963;18:301-304.



Strong lon Differences in Calves 589

31. Harned HS, Bonner FT. The first ionization of carbonic acid in
agueous solutions of sodium chloride. JAm Chem Soc 1945;67:1026—
1031.

32. Grove-White DH, Michell AR. Comparison of the measurement
of total carbon dioxide and strong ion difference for the evaluation of
metabolic acidosis in diarrhoeic calves. Vet Rec 2001;148:365-370.

33. Stocker H, Lutz H, Kaufman C, et a. Acid-base disorders in
milk-fed calves with chronic indigestion. Vet Rec 1999;145:340-346.

34. Berchtold J. Investigations on the diagnosis and treatment of
systemic acidosis in calves. Free University of Berlin, avallable at http://
www.vetmed.fu-berlin.de/online/berch/berch.pdf; 1998. Thesis.

35. Vose D. Quantitative Risk Analysis: A Guide to Monte Carlo
Simulation Modelling. New York: John Wiley & Sons; 1996:267-309.

36. Constable PD. Total weak acid concentration and effective dis-
sociation constant of nonvolatile buffers in human plasma. J Appl
Physiol 2001;91:1364-1371.

37. Lebeda M, Bouda J. The applicability of Siggaard-Andersen’s
nomogram for the venous blood of cattle. Vet Med (Praha) 1969;14:
75-80.

38. Phillips GD. The assessment of blood acid-base parameters in
ruminants. Br Vet J 1970;126:325-331.

39. Kasari TR, Naylor M. Clinical evaluation of sodium bicarbon-
ate, sodium L-lactate, and sodium acetate for the treatment of acidosis
in diarrheic calves. J Am Vet Med Assoc 1985;187:392-397.

40. Constable PD. Fluids and electrolytes. In: Brumbaugh GW,
guest ed. Clinical Pharmacology. Vet Clin N Am Food Anim Pract
2003;9:1-40.

41. Booth AJ, Naylor JM. Correction of metabolic acidosis in di-
arrheal calves by oral administration of electrolyte solutions with or
without bicarbonate. J Am Vet Med Assoc 1987;191:62—68.

42. Naylor M, Petrie L, Rodriguez MI, et a. A comparison of three
oral electrolyte solutions in the treatment of diarrheic calves. Can Vet
J 1990;31:753-760.

43. Michell AR, Brooks HW, White DG, et al. The comparative
effectiveness of three commercial ora solutions in correcting fluid,
electrolyte and acid-base disturbances caused by calf diarrhoea. Br Vet
J 1992;148:507-522.

44. Brooks HW, White DG, Wagstaff AJ, Michell AR. Evaluation
of a nutritive oral rehydration solution for the treatment of calf diar-
rhoea. Br Vet J 1996;152:699—708.

45. Brooks HW, White DG, Wagstaff AJ, et a. Evaluation of a
glutamine-containing oral rehydration solution for the treatment of calf
diarrhoea using an Escherichia coli model. Vet J 1997;153:163-170.

46. Constable PD. In response: Lettersto the editor. Anesth Analges
2004;98:271-272.

47. Figge J, Jabor A, Kazda A, et a. Anion gap and hypoa bumin-
emia. Crit Care Med 1998;26:1807-1810.

48. Kellum JA, Kramer DJ, Pinsky MR. Strong ion gap: A meth-
odology for exploring unexplained anions. J Crit Care 1995;10:51-55.

49. Siggaard-Andersen O, Rorth M, Strickland DAR The buffer
value of plasma, erythrocyte fluid and whole blood. Workshop on pH
and Blood Gases, National Bureau of Standards, 1975. Blood pH, gas-
es and electrolytes. National Bureau of Standards (US), Specia Pub-
lication 450, p 11-19. 1977.



