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Experimental Determination of Net Protein Charge and A,,, and K,
of Nonvolatile Buffersin Canine Plasma

Peter D. Constable and Henry R. Stampfli

Acid-base abnormalities frequently are present in sick dogs. The mechanism for an acid-base disturbance can be determined with
the simplified 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,
and K, values for canine plasma. Plasma was harvested from 10 healthy dogs; the concentrations of quantitatively important strong
ions (Na*, K+, Ca&*, Mg?*, Cl-, L-lactate) and nonvolatile buffer ions (total protein, albumin, phosphate) were determined; and
the plasma was tonometered with CO, at 37°C. Strong ion difference (SID) was calculated from the measured strong ion concen-
trations, and nonlinear regression was used to estimate values for A, and K,, which were validated with data from an in vitro and
in vivo study. Mean (+SD) values for canine plasma were A, = (17.4 = 8.6) mM (equivalent to 0.273 mmol/g of total protein
or 0.469 mmol/g of albumin); K, = (0.17 = 0.11) X 1077, pK, = 7.77. The calculated SID for normal canine plasma (pH =
7.40; Pco, = 37 mm Hg; [total protein] = 64 g/L) was 27 mEg/L. The net protein charge for normal canine plasma was 0.25
mEg/g of total protein or 0.42 mEqg/g of albumin. Application of the experimentally determined values for A, K,, and net protein
charge should improve understanding of the mechanism for complex acid-base disturbances in dogs.
Key words: Anion gap; Metabolic acidosis; Respiratory acidosis; Strong ion gap.

Acid-base balance traditionally has been evaluated by
means of the Henderson-Hasselbalch equationt? to
characterize 4 primary acid-base disturbances (ie, respira-
tory acidosis and alkalosis, metabolic acidosis and akalo-
sis),*® and by calculating the anion gap to estimate the un-
measured anion concentration.®® However, the clinical use
of the Henderson-Hasselbalch equation to guide treatment
is hampered by the fact that the approach is more descrip-
tive than mechanistic.® Moreover, because the anion gap
reflects the net anionic charge on serum proteins as well as
unmeasured strong anion concentration, the traditional Hen-
derson-Hasselbalch approach fails to provide an accurate
method for quantifying the unmeasured strong ion charge
in animals with abnormal serum protein concentrations.*>7:8
A mechanistic approach to acid-base balance that provides
a method to quantify unmeasured strong anion charge
would therefore be clinically useful.

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 strong ion difference [SID], Pco,, and plasmanon-
volatile buffer ion concentration) directly determine plasma
pH. The strong ion approach therefore differsin 3 important
areas from the traditional focus of the Henderson-Hassel-
balch equation on bicarbonate'*: (1) acid-base balance is
examined with a systems approach, (2) a clear conceptual
distinction is made between dependent variables (such as
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pH and [HCQO,]) and the 3 independent variables, and (3)
the effects of protein and phosphate concentration on acid-
base balance are considered.#>%%° n contrast to the Hen-
derson-Hasselbalch equation, the strong ion approach char-
acterizes 6 primary acid-base disturbances (ie, respiratory
acidosis and akalosis, strong ion acidosis and alkalosis, non
volatile buffer ion acidosis and alkalosis), and the unmea-
sured strong anion concentration is quantified by calculat-
ing the strong ion gap (SIG).2212 The SIG attributes avalue
to the net anionic charge on serum proteins and phosphate
and more accurately quantifies the unmeasured strong anion
charge in animals with abnormal serum protein concentra-
tions than does the anion gap.>814

The strong ion approach requires species-specific values
for the total plasma concentration of nonvolatile weak acids
(A—ie, the total concentration of plasma nonvolatile buff-
ers—albumin, globulin, and phosphate) and the effective
dissociation constant (K,) for plasma nonvolatile buffers.®
Vaues for A, and K, have been experimentally determined
in the plasma of horses®'> humans,*® cats,'” and calves,”
and theoretically determined for the plasma of humans'®
and adult cattle.** Values for A, and K, of dog plasma
presently are unavailable. All of the studies that have ap-
plied the strong ion approach to acid-base disturbances in
dogs assumed that values for A, and the net protein charge
were similar in canine plasma to human plasma'®? or horse
plasma?* or assumed that K, = 4 X 1072 or K, = 3 X
1072 It is highly probable that canine plasma proteins
have a greater net negative charge than human and bovine
plasma proteins because albumin provides the greatest con-
tribution to net protein charge and because canine albumin
has a different amino acid composition?* and carries a great-
er net negative charge at physiological pH than do human,
bovine, or equine albumin.>2 We therefore hypothesized
that values for net protein charge, A, and K, of canine
plasma differed from those of other species. Accordingly,
the objective of the study reported here was to experimen-
tally determine A, and K, values for canine plasma; to
compare these values to A, and K, values for the plasma
of horses, calves, cats, and humans; and to calculate the net
protein charge in canine plasma.
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Materials and Methods
Blood and Plasma Collection

Twenty milliliters of venous blood was collected into lithium-hep-
arin tubes from the jugular vein of 10 healthy adult dogs (5 female
and 5 male). One milliliter of whole venous blood was immediately
analyzed, and plasma was harvested from the remaining 19 ml by
centrifugation that was completed within 30 min of collection. CO,
tonometry was performed on all samples within 24 hours.

CO, Tonometry of Plasma

Plasma samples were tonometered® for 20 minutes at 37°C over a
Pco, range of 10 to 141 mm Hg and a pH range of 6.89 to 7.88 with
a mixture of humidified 20% CO, and 100% O,. A total of 142 CO,
tonometered plasma samples were analyzed, representing 7 to 20 ton-
ometered samples from each dog.

Blood and Plasma Analyses

The jugular venous blood sample was analyzed in duplicate,® and
all tonometered plasma samples were analyzed? once for blood/plasma
gas anaysis (pH, Pco,) and determination of [Na‘], [K*], [Ca&*],
[CI], and [L-lactate] simultaneously and at 37°C. An untonometered
plasma sample was analyzed® in duplicate for determination of strong
cation (Mg?*) and nonvolatile buffer ion (total protein, abumin, 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 and an ionic equivalency assigned to those variables not mea-
sured with ion selective potentiometry (Mg?*). Accurate measurements
of SID are difficult to obtain in plasma because of cumulative mea-
surement error, presence of unknown strong anions,*2*3 and differences
in equipment and methodology used to measure strong ion concentra-
tions.?” Accordingly, SID was initialy calculated by 3 methods—SID,
= [([Na] + [K*]) = ([CI"])], SID, = [([Na'] + [K*]) — ([CI"] +
[L-lectate])], SIDs = [([Na'] + [K*] + [C&’] + [Mg*]) — ([CI7]
+ [L-lactate])]—and a fixed value for SID,, SID,, and SID, assigned
with the mean value for al CO, tonometered samples from each dog.
A fixed value for SID during in vitro CO, tonometry is one of the
assumptions of the strong ion approach; SID does not vary over the
physiological range of pH because strong ions are fully dissociated at
physiological pH.%%©

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 equation?;
and the Marquardt nonlinear regression procedure®! were used to si-
multaneously estimate values for A, and K,. This required application
of the 6-factor simplified strong ion electroneutrality equation,

SID — [HCO;] — [AT] = 0O, (1)

in which the net nonvolatile buffer ion concentration in plasma ([A~])
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 factors in Stew-
art’s electroneutrality equation do not produce changes in pH and are
therefore redundant.418

To assist in estimating values for A, and K,, Equation 1 was ex-
pressed in this form:

[HCO;] = S X Pco, X 100H-5D = SID — (Ay X K/(K, + 109,
()]

with known values for S (0.0307 [mM]/mm Hg)? and pK; (6.120 at
[NaCl] = 0.16 mM).* With the value of 6.120 for pK; we can cal-
culate actual plasma [HCO;] in (mM) at 37°C3; likewise, the methods
used to calculate SID provide a value in terms of concentration. This
means that Equation 2 estimates a value for A in terms of concen-
tration (mM).° The form of the simplified strong ion electroneutrality
equation used in Equation 2 was selected because it provided the nar-
rowest confidence intervals for the estimated values of A, and K,.
Initial estimates for A, of 5to 30 mM in increments of 5 mM and
initial estimates for K, of 0.1 X 10-7 to 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 accuracy of the estimated
values for A, and K, were evaluated with the number of iterations
required to converge to a solution, calculating the R? value, compar-
ison 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 4th nonlinear
regression procedure was performed to simultaneously estimate values
for Ag K, and SID (caled SIDymaed),*® With initial estimates for
SIDimaed Of 25 to 50 MEQ/L in increments of 5 mEg/L. R? vaues
were calculated for the 4 nonlinear regression models (on the basis of
SID,, SID,, SIDg, SIDyimaed),? With the values obtained during CO,
tonometry of each plasma sample. The calculated A, values were
evaluated as the A, indexed to the total protein concentration (A,
and the A, indexed to the albumin concentration (A,..,). Mean (+=SD)
values for A, A Aran and K, were determined.

Validation of A, and K, Values

In vitro. The estimated A, and K, values were applied to data
obtained from an in vitro study® that examined the change in plasma
pH during CO, tonometry at 38°C and the addition of the strong acid
(HCI) and strong alkai (NaOH). Plasma pH was calculated with the
simplified strong ion equation®:

pH = log,, (2 X SID/
[Ki X SX Pco, + K, X A, — K, X SID +
(ki x $% Peo, + K, x SID + K, X A,)°
— 4% K2 X SID X A ). ®)

The reported values for Pco,, base excess, and pH were obtained from
Table 1, and the total protein concentration was assumed to equal
the median value (59.5 g/L). Emuakpor and his colleagues® did not
measure SID (estimated value 35.1 mEg/L) but adjusted the base ex-
cess value so that base excess = 0 mEg/L when Pco, and pH equaled
40 mm Hg and 7.40, respectively. Accordingly, the actual values for
SID,, SID,, SIDg, and SIDymaeq iN this data set were calculated by
rearranging Equation 2 to produce this:

SID = S X Pco, X 100#-59 + (A X K)/I(K, + 10-"), (4)

with known values at 38°C for S (0.0301 [mM]/mm Hg)® and pK;
(6.111)* and estimated values for A, and K,. The estimated value for
K, (obtained a 37°C with SID,, SID,, SIDg, OF SIDgimaes) WaS cOI-
rected to 38°C for use in Equation 4 by applying the van t'Hoff equa-
tion.®

In vivo. The estimated A, and K, values aso were applied to data
obtained from an in vivo study that examined the change in plasma
pH in 9 anesthetized dogs during experimentally induced respiratory
acidosis and akalosis (induced by altering the rate of ventilation or
the CO, tension in the respired mixture) and strong ion acidosis and
alkalosis (induced by intravenous administration of 0.3 M HCI or 0.3
M NaOH, 0.3 M NaHCO,, and 0.6 M NaHCO,).3®* Plasma pH was
calculated by Equation 3. The actua values for SID,, SID,, SIDg, and
SIDegimaed Were calculated from the reported values for sodium, potas-
sium, and chloride concentration as follows: SID; = [Na'] + [K*] —
[CI-], SID, = 0.947 X SID,, SIDg = 1.051 X SID,, and SID wmeed =
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Table 1. Mean (£SD) biochemical values of plasma ob-
tained from blood samples collected from the jugular vein
in 10 dogs.

Variable Mean SD
pH 7.40 0.04
Pco, (mm Hg) 36.9 6.6
Strong ions
[Na‘] (mM) 150.7 14
[K*] (mM) 4.07 0.20
[Ca*] (mM) 2.60 0.07
[Mg?] (mM) 1.63 0.14
[CI-] (mM) 1136 13
[L-lactate] (mM) 1.7 0.5
[SID,]e (MEG/L) 41.2 21
[SID,]> (mEg/L) 39.0 1.9
[SIDg]° (MEg/L) 433 1.9
Volatile buffer ions
[HCOJ] (mM) 224 2.8
Nonvolatile buffer ions
[Total protein] (g/L) 63.7 4.0
[Albumin] (g/L) 37.7 1.9
[Globulin] (g/L) 26.0 4.4
[Phosphate] (mM) 1.42 0.22
Other
Anion gap? (mEg/L) 18.8 29

SID, strong ion difference.

2[SIDg] = ([Na] + [K*]) — [CI].

°[SID,] = ([Na‘] + [K*]) — ([ CI7] + [L-lactate]).

°[SIDg = ([Na'] + [K*] + [Ce&] + [Mg*]) — ([CIT] + [L-
lactate]).

dAnion gap = ([Na] + [K*]) — ([ClI] + [HCO3]).

0.682 X SID,, with the coefficients for SID,, SIDs, and SIDimaeq
reflecting the ratio of their calculated value to that of SID, obtained
in the study reported here (Table 1). A, was calculated from the re-
ported values for total protein concentration.

For both the in vitro and in vivo data sets, the calculated pH value
(PHee) Was regressed against the measured pH value (pH, . With a
statistical software package.? The accuracy of the 4 linear regression
equations was evaluated with the R? value and examination of residual
plots. A value of P < .05 was regarded as significant.

Comparison of A, and K, Values

The estimated vaues for A, and K, in plasma of dogs were com-
pared with those obtained for plasma of calves horses,®** humans,®
and cats'” by means of an unpaired t-test." Because 5 multiple com-
parisons were performed, the P value for significance was adjusted for
the number of comparisons by the Bonferroni procedure and consid-
ering P < .01 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 was
conveyed by a spider plot,'23* which graphically depicted the relation-
ship between the dependent variable and percentage change in 1 in-
dependent factor while the remaining 2 independent factors were held
constant at typical values. The spider plot was created with Equation
3 and typical values for the plasma of healthy dogs (Table 1), known

values at 37°C for S = 0.0307 [mM]/mm Hg? and pK; = 6.120,%°
and the estimated values for A, and K..

By use of the simplified strong ion model, the derivatives of pH
with respect to the 3 independent factors (SID, Pco,, A,) then were
calculated as described!® to provide an index of the sensitivity of plas-
ma pH to changes in each of the independent factors at physiological
pH.

Sensitivity of Plasma pH to Changes in Plasma Total
Protein Concentration

Because changes in serum total protein and phosphate concentration
will change pH by altering both A, and SID,* the effect of change
in plasma protein concentration on acid-base balance was character-
ized by considering the separate contribution of changes in protein
concentration to changes in SID and A, and then calculating the net
result of these changes on pH.

Buffer Value of Plasma

The buffer value represents the amount of acid or akali required to
dter the acidity of the solution by 1 pH unit.® In plasma, a plot of
HCO, versus pH over a pH range of 7.20 to 7.50 approximates a straight
line, thereby permitting calculation of the buffer value (B, in units of
[mEg/L]/pH unit) from the HCO, — pH relationship,® whereby

B = —AHCO,/ApH. (5
We can calculate a value for B at a specific pH from the estimated

values for A, and pK, by differentiating Equation 2 with respect to
pH, which produces this solution:

—dHCO/dpH = B = 2.303 X A/(10PHPa 4 10pkapH)2,  (6)

Equation 6 therefore was solved for the typical pH of dog plasma
(7.40; Table 1) with the estimated values for A, and pK,. The calcu-
lated value for B then was compared to published values for canine
plasma: 0.068 mmol/g total protein®’; 0.093 mmol/g total protein (95%
confidence interval, 0.079 to 0.108 mEq/g total protein)®; and 0.124
mmol/g total protein.®®

Results
Blood and Plasma Analyses

The values for jugular venous blood from 10 dogs are
presented in Table 1.

Calculation of SID

Small differences in the mean value for SID, (41.2 mEg/
L), SID, (39.0 mEg/L), and SID,4 (43.3 mEg/L) were ob-
tained, whereas a markedly lower value for SID maeq (28.1
mEQg/L) was obtained (Table 2).

Estimation of A, and K,

The R? value for al nonlinear regression models was
> .98, indicating excellent fit to the data. The estimated val-
ues for A, were similar, with slight variations occurring
depending on the value assigned to SID (Table 2). In con-
trast, the estimated value for K, obtained with SID . aed
was much lower than that determined with SID,, SID,, and
SIDe.

Validation of A, and K, Values

In vitro. The estimated A, and K, values were applied
to data obtained from an in vitro study involving plasma
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Table 2. Summary of mean (+SD) estimated values for SID K,, A, Agan and Ag,, for 10 dogs. SID, strong ion
difference, which is the difference in charge between plasma strong cations and anions; K,, effective dissociation constant;
A, total plasma concentration of nonvolatile weak acids; A, Ay indexed to the albumin concentration; A A
indexed to the total protein concentration; SID ;s @ NONliNear regression procedure was used to simultaneously estimate

values for A, K,, and SID. See Table 1 for remainder of key.

Measurement SID Ka Atot Atnt—alb Atot—tp
Method (mEg/L) (X 1077) (mM) (mmol/g) (mmol/g)
SID, 412 + 2.1 484 = 2.82 19.6 = 3.3 0.527 = 0.091 0.306 + 0.046
SID, 39.0 = 1.9 417 = 245 175 £ 29 0.468 = 0.079 0.272 = 0.044
SIDg 433 + 19 7.83 = 588 212 = 29 0.568 + 0.080 0.330 + 0.044
SID gimated 281+ 28 0.17 = 0.11 174 = 86 0.469 = 0.239 0.273 = 0.143

from 5 dogs. Calculated values for SID,, SID,, SIDg, and
SIDegimaed Of 40.3, 38.2, 42.1, and 28.3 mEg/L were ob-
tained, respectively, when base excess = 0 mEg/L, Pco, =
40 mm Hg, and pH = 7.40 at 38°C. These values were
similar to those obtained in the study reported here (Table
1). All 4 pairs of A, (Table 2) and temperature-adjusted K,
values produced a strong linear relationship between cal-
culated pH and measured pH, with Rz > .9990 for &l re-
gression analyses (data not shown). However, on the basis
of the values for sum of squares and mean difference be-
tween calculated and measured plasma pH, the best fitting
A and K, values were derived from SID o xeq (Mean dif-
ference in pH = 0.0009 * 0.0067; Fig 1).

In vivo. The estimated A, and K, values were applied

8.0

In vitro

7.9 4 Calculated pH = 0.98x(Measured pH) + 0.14
R’ = 0.9995

7.8
7.7 1
7.6 1 L
7.5
7.4 4
7.3 o

7.2 A

Calculated plasma pH

71 i

. In vivo
Calculated pH = 0.83x(Measured pH) + 1.32
R?=073
6.9 ! T T T T T T T T T

69 70 71 72 73 74 75 76 77 78 79 80

7.0 A

Measured plasma pH

Fig 1. Relationship between calculated and measured pH. In vitro
data (open circles) were obtained from a study by Emuakpor et a,*
who measured the change in plasma pH during CO, tonometry and
the addition of the strong acid (HCI) and strong akali (NaOH). In
vivo data (closed circles) were obtained form a study by Siggaard-
Andersen,® who measured the change in plasma pH in 9 anesthetized
dogs during experimentally induced respiratory acidosis and akalosis
(induced by altering the rate of ventilation or the CO, tension in the
respired mixture) and strong ion acidosis and akalosis (induced by
intravenous administration of 0.3 M HCI or 0.3 M NaOH, 0.3 M
NaHCO,, and 0.6 M NaHCQO,). Plasma pH was calculated with the
simplified strong ion equation.® The solid line is the line of identity.

to data obtained from an in vivo study involving 9 dogs.
All 4 pairs of A, and K, values (Table 2) produced a good
linear relationship between calculated pH and measured pH
(R? ranging from .62 to .73, data not shown). However, on
the basis of the values for R?, sum of sguares, and mean
difference between calculated and measured plasmapH, the
best fitting A, and K, values were derived from SID . maed

(Fig 1).

Comparison of A, and K, Values

The A, values of canine plasma were similar to those
for cat, calf, human, and equine plasma (Table 3). In con-
trast, the K, values of canine plasma were different (P <
.001) from those for cat, calf, human, and horse plasma.

Sensitivity of Plasma pH to Changesin SID, Pco,,
and A,

Analysis of the spider plots revealed that plasma pH was
most sensitive to changes in SID (Fig 2). The tangent to
each line in the spider plot reflects the sensitivity of dog
plasma pH to that factor, such that at the reference value
for pH in samples obtained from the jugular vein (ie, pH
= 7.40), dpH/dSID = +0.018 (mEg/L)"%, dpH/dPco, =
—0.010 mm Hg%, and dpH/dA,,, = —0.005 (mM)~*. This
result indicated that at a pH of 7.40, a 1 mEg/L decrease
in SID will decrease pH by 0.018, and a 1 mm Hg decrease
in Pco, will increase pH by 0.010.

Sensitivity of Plasma pH to Changes in Plasma Total
Protein Concentration

Because SID, approximated the difference in strong cat-
ion and anion charge (excluding the net strong anion charge
of protein and phosphate), the estimated strong ion charge
of protein and phosphate = 41.2 — 28.1 (from Table 2) =
13.1 mEg/L. A phosphate concentration of 1.4 mM (Table
1) provides a strong anion charge of phosphate (HPO;) of
1.4 mEg/L. Because the net strong ion charge of protein
and phosphate = 13.1 mEg/L, the net strong ion charge or
protein alone = 11.7 mEg/L (13.1 — 1.4 mEg/L), or 0.184
mEQ/g total protein (on the basis of a total protein concen-
tration of 63.7 g/L; Table 1).

A 10 g/L increase in total protein concentration will
therefore decrease SID by 1.84 mEg/L, which will directly
decrease pH by 0.033. A 10 g/L increase in total protein
concentration will aso increase A, by 2.73 mmol; which
will directly decrease pH by 0.014. The overall effect of a
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Table3. Mean (+SD) vauesfor A, Agan Ay ad K, of plasmafrom different species. A, total plasma concentration
of nonvolatile weak acids; A ., A, indexed to the plasma albumin concentration; A, A indexed to the plasma total
protein concentration; K,, effective dissociation constant for plasma nonvolatile weak acids. Values for A, and K, were
determined using similar methodology (in vitro CO, titration) for all species.

Total
A Albumin Acrab Protein Artp K,

Species n (mM) (7)) (mM) (7)) (mM) (X 1077 Reference

Horse 6 150 = 3.1 32 0.47 67 0.22 222 + 0.32* Constable 1997°

Horse 10 149 = 0.8 34 0.44 71 0.21 2.11 = 0.50* Stampfli et a
1999

Calves 9 231+ 6.1 31 0.75 57 0.41 0.85 = 0.32* Constable et a
2004p

Human 8 17.2 = 35 46 0.38 77 0.22 0.80 = 0.60* Stampfli and
Constable
2003

Cat 10 243 = 4.6 33 0.76 70 0.35 0.67 = 0.40* McCullough and
Constable 2003

Dog 10 174 = 8.6 38 0.47 64 0.27 0.17 = 0.11 This study

* Value significantly different (P < .001) from value in plasma of dogs.

10 g/L increase in total protein concentration therefore is a
decrease in pH of 0.047 (0.033 + 0.014).

Buffer Value of Plasma

The buffer value (B) of canine plasma was calculated at
pH = 7.40 with Equation 6 and estimated values for A,
and pK,, producing a buffer value of 0.082 mmol/g total
protein. This value was within the range of the 3 published
estimates (0.068 to 0.124 mmol/g total protein) for canine
plasma.

Net Protein Charge

Net protein charge has 2 components: nonvolatile buffer
ion charge and SID charge. The value for [A-] a pH =
7.40 reflects the net negative buffer ion charge of protein
and phosphate; [A-] = A,/(1 + 10P<—pH) = 17.4 mM/(1
+ 10777-740) = 5.2 mEg/L (assuming HA is uncharged and
A~ has avalence of —1). Because the net buffer ion charge
of phosphate at pH = 7.40 approximates 1.1 mEg/L (0.8
X [phosphate]; Table 1), the net buffer ion charge of protein
was 5.2 — 1.1 = 4.1 mEg/L. The net strong ion charge of
protein = 11.7 mEqg/L (calculated previously). The net pro-
tein charge at pH = 7.40 is therefore 15.8 mEg/L (4.1 +
11.7 mEg/L), equivalent to 0.25 mEg/g of total protein or
0.42 mEg/g of abumin.

Discussion

Use of the strong ion approach to evaluate acid-base sta-
tus requires species-specific vaues for A, and K,. In this
study, we experimentally determined mean values for A,
(0.273 mmol/g of total protein or 0.469 mmol/g of abumin)
and K, (0.17 X 1077) in plasma of dogs. The finding that
the K, values for dog and human plasma are different is
consistent with observations that the pH-Pco, coordinates
for the base excess curve of dog plasma® differ from those
for human plasma.®

We calculated the net protein charge of canine plasma at
pH = 7.40 to be 16.0 mEg/L. We also calculated the anion

gap (AG) of canine plasma at pH = 7.40 to be 18.8 mEqg/
L; this value was similar to mean estimates obtained pre-
viously from large numbers of dogs (AG = 18.3 mEg/L, n
= 80; AG = 19 mEg/L, n = 117).%4t The results therefore

tot

6.9 T T T T T T T L] v i
-60 -40 -20 0 20 40 60
Change from normal value (%)

T T T T T v 1 v 1 T T

15 20 25 30 35 40
SID (mEg/l)
T T T T T T T T
20 30 40 50

Pco, (mm Hg)

T T T T T v Ll
10 15 20 25
A, (mmol/l)

Fig 2. Spider plot revealing the dependence of plasma pH on chang-
es in the 3 independent variables (strong ion difference, SID; Pco,,
and total concentration of nonvolatile weak acids, A,,). The spider plot
was obtained by systematically varying 1 independent variable while
holding the other 2 independent variables at their reference values for
dog plasma. Reference values for the 3 independent variables were as
follows: SID, 27 mEg/L (large open circle); Pco,, 37 mm Hg (open
square); A, 17.4 mM (open triangle). The dotted lines indicate that
pH = 7.40 when SID, Pco,, and A, are at their reference values.
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clearly indicate that the AG in healthy dogs essentially re-
flects the plasma protein concentration. Changes in the AG
in diseased dogs may therefore result from changes in the
plasma protein concentration or changes in unmeasured
strong cation and anion concentrations. In other words, the
AG is anonspecific method for quantifying the unmeasured
strong ion concentration in canine plasma.

The AG in dog plasma is assumed to change by 0.24
mEg/L for every 1 g/L change serum abumin concentra-
tion,”2 athough this estimate approximates the net charge
of human albumin (0.25 mEg/g)* and may not be valid for
canine albumin. Suspicion has been raised previously that
the net negative charge of dog plasma proteins was much
greater than that of human plasma proteins.** An important
finding of this study is that the AG of canine plasma at pH
= 7.40 changes 0.42 mEg/L for every 1 g/L change in
plasma albumin concentration and 0.25 mEg/L for every 1
g/L change in plasma total protein concentration; the latter
value agrees completely with the estimated charge carried
by canine plasma protein (0.25 mEg/g total protein) ob-
tained by Dill and his colleagues in 1932.3> Changes in the
plasma concentrations of albumin and total protein there-
fore have a much greater effect on the AG in dogs than
previously assumed.

A clinically useful method for adjusting the AG value in
dog plasma for changes in the albumin or total protein con-
centration is calculation of an albumin-adjusted or total pro-
tein—adjusted AG,* whereby

Albumin-adjusted AG = AG + 0.42 X (37.7 — [albumin]),
1

Total protein—adjusted AG
= AG + 0.25 X (63.7 — [total protein]), (8)

where the albumin and total protein concentrations are mea-
sured in g/L and are subtracted from reference mean values
for serum albumin concentration (37.7 g/L) and serum total
protein concentration (63.7 g/L, Table 1). Equations 7 and
8 are formulated to provide the normal reference range
when abumin or total protein concentrations are normal
and therefore are familiar to the clinician.®

Alternatively, an albumin (or total protein) and phosphate
adjusted AG can be calculated as follows:

Albumin and phosphate-adjusted AG
= AG + 0.42 X (37.7 — [dbumin]) + 1.8
X (1.4 — [phosphate]), (9)

Total protein and phosphate-adjusted AG
= AG + 0.25 X (63.7 — [total protein]) + 1.8
X (1.4 — [phosphate]), (20)

where the phosphate concentration is measured in mM, the
normal phosphate concentration is 1.4 mM (Table 1), and
the net negative charge of phosphate at pH = 7.40 is as-
sumed to be 1.8.° Equations 7, 8, 9, and 10 can be routinely
programmed into automated clinical biochemistry analyzers
that measure serum sodium, potassium, chloride, abumin,
total protein, phosphate, and total CO, concentrations. An
adjusted AG above the normal reference range provides a
more specific indicator of the presence of unmeasured
strong anions than does the traditional AG.

A useful clinical application of strong ion difference the-

ory is calculation of the SIG instead of the AG. The SIG
provides an estimate for the difference between the unmea-
sured strong anion charge (due to L-lactate, p-lactate, sul-
fate, nonesterified fatty acids, ketoacids, pH-independent
protein and phosphate charge, and other strong anions) and
unmeasured strong cation charge (Ca2*, Mg?*). Totd pro-
tein or albumin can be used to calculate the SIG; however,
because albumin is the most important buffer in the plasma
of humans (exerting 73% of total buffering, compared with
22% for globulin and 5% for phosphate),”> albumin may
provide the best index, assuming albumin is the most im-
portant buffer in dog plasma. On the basis of the estimated
values for A, and K,, the equations below for calculating
SIG (in mEg/L) in the plasma of dogs are proposed:

SIG = [albumin] X (0.348 + 0.469/{1 + 101777 - p})

— AG, (11)
SIG = [total protein] X (0.206 + 0.273/{1 + 101777 - pHi})
~ AG, (12)

where [albumin] and [total protein] are in g/L and the AG
(in mEg/L) = ([Na‘] + [K*]) — ([CI7] + [HCO;3]). Tota
CO, could be substituted for [HCO;] and pH could be as-
sumed to equal 7.40 when blood gas analysis is not avail-
able. This will create an error in SIG of up to 3.0 mEg/L
(for instance, SIG is overestimated by 2.7 mEg/L when pH
is 7.00 instead of 7.40). The error in using a simplified
formula for calculating SIG results from the effect of pH
on the net anionic charge of dissociable amino-acid groups
(predominantly histidine) in plasma proteins and the effect
of pH on dissociation of monobasic phosphate (H,PO;) to
dibasic phosphate (HPO;~). However, if pH is assumed to
be 7.40, Equations 11 and 12 can be simplified to these
equations:

SIG = [albumin] X 0.49 — AG, (13)
SIG = [total protein] X 0.29 — AG. (14)

If we apply the reference values for jugular venous plasma
of healthy dogs (pH = 7.40, [albumin] = 37.7 g/L, [tota
protein] = 63.7 g/L, anion gap = 18.8 mEQ/L) and Equa-
tions 11, 12, 13, or 14, the SIG is approximately 0 mEg/L
with either the albumin or total protein concentration, with
the 95% confidence interval for SIG being —5.0 to 5.4
mEg/L for albumin and —6.0 to 6.3 mEg/L for total protein.
With Equation 11, a SIG >5 mEg/L therefore indicates an
increase in unidentified strong cations (arare event), where-
as a SIG <—5 mEg/L indicates an increase in unidentified
strong anions, such as L-lactate. Calculating the SIG with
Equation 11 has the advantage over calculating the AG with
Equation 10 in that the SIG equation accounts for the effect
of changes in pH, whereas the AG has been shown to de-
crease as plasma pH decreases in dogs.* Finaly, Equations
11 and 12 can aso 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, application of the experimentally deter-
mined values for A, K, and net protein charge of canine
plasma should improve understanding of the mechanism for
complex acid-base disturbances in critically ill dogs.
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Footnotes

a Constable PD, Stampfli HR. Clinical assessment of acid-base status
in dogs: Calculation of plasma A, and K, values for use in the strong
ion and simplified strong ion models. J Vet Intern Med 2004;18:391
(abstract 24)

> Constable PD, Stampfli HR. Using the simplified strong ion ap-
proach to determine the mechanism for an acid-base disturbance in
calves. Med Vet Québec 2004;34:105 (abstract 026)

¢ Model 1L235, Instrumentation Laboratory, Lexington, MA

@ Statprofile 9+, Nova Biomedical, Canada Ltd, Mississauga, Ontario,
Canada

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

f PROC NLIN, SAS 8¢, SAS Institute, Cary, NC

9 PROC REG, SAS 8e, SAS Ingtitute, Cary, NC
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i Stampfli HR, Stevenson AJ, Brooks L, et a. The use of physico-
chemical calculations for additional quality control of automated
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Congress International Society of Anima Clinical Biochemistry.
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