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ABSTRACT. A general formalism for calculating physiological
acid—base balance in multiple compartments is extended to the
combined interstitial, plasma, and erythrocyte multicom-
partment system in humans using the Siggaard-Andersen
approximation for interstitial fluid. The resulting equations for
total titratable base and strong ion difference reproduce the
experimental in vivo carbon dioxide titration curve as well as
the experimental strong ion difference value of the interstitial,
plasma, and erythrocyte system in normal man. The “Boston
rules” for compensation in acute respiratory acidosis and
alkalosis are then derived analytically from the model. The Van
Slyke equation for the interstitial, plasma, and erythrocyte
system is also derived and shown to approximate the Van Slyke
equation for standard base excess.

KEY WORDS. strong ion difference, Stewart method, base excess,
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INTRODUCTION

The quantitative description of physiological acid—base
balance continues to generate both interest and contro-
versy [1-3]. One of the most widely used methods to
calculate the metabolic component of an acid-base dis-
order is the base excess approach developed by Siggaard-
Andersen et al. [4]. The base excess was originally
calculated from nomograms [4], but today is usually cal-
culated by the Van Slyke equation, also derived by Sigg-
aard-Andersen [4-6]. Van Slyke equations have been
developed for plasma, whole blood, and the interstitial,
plasma, and erythrocyte system, which Siggaard-Andersen
referred to as the extracellular fluid [4-6]. A different
strategy for the calculation and assessment of acid—base
balance is the strong ion difference theory or Stewart
method [7-14]. In addition, using a more general
approach, encompassing both the base excess and Stewart
methodologies, equations have previously been derived
for the total titratable base and strong ion difterence of
plasma and whole blood [7, 8]. In what follows, this
general formalism is used to develop equations for the total
titratable base and strong ion difference of the interstitial,
plasma, and erythrocyte system and are shown to repro-
duce in vivo data. The relationship of the equations for
this system to the existing base excess and Stewart equa-
tions as well as to the bicarbonate based ‘“Boston
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approach” [1, 15-18] is also discussed. The development
of the Van Slyke equation is first reviewed by way of
introduction.

The Van Slyke equation was initially obtained for
human separated plasma as

BE(P) = A[HCO, "], + fi(P)ApH(P) (1)

where BE(P) is the base excess of plasma, (P) is the buffer
value of plasma, and A[HCO3 ]p and ApH(P) are the
changes in the plasma bicarbonate concentration and plasma
pH, respectively [4, 5, 7, 8].

Because it was recognized that the plasma compartment is
in equilibrium with the intracellular compartment of the
erythrocytes, and that the buffering capacity of erythrocytes is
substantial [4, 5], the Van Slyke equation was derived
semiempirically for human whole blood in the form [4-0, 8]

BE(B)_{l—Cg+(m

Hgb

}{A[HCOJ] + B (B)ApH(P) }

(2)

where BE(B) is the base excess of whole blood, Cp(B) is
the hemoglobin concentration of whole blood, C% is a
value assumed to be constant which depends upon the
erythrocyte fluid hemoglobin concentration and the
bicarbonate Donnan ratio between the plasma and
erythrocyte compartments, and f5(B) is the effective
buffer value of whole blood given by [5, 6, 8]

B5(B) = Crig(B) - B (E) + i (P) (3)

P5(E) is described as an apparent molar buffer value for the
hemoglobin monomer [5, 6, 8]. There is some discrep-
ancy regarding f5(P), which has been described as both
equivalent to the bufter value of plasma [5, 6] and as an
effective buffer value for plasma [8].

While Equations 1 and 2 reproduce experimental data
for separated plasma and whole blood in vitro, neither is
able to reproduce the experimental in vivo carbon dioxide
titration curve in humans [4, 6]. The reason for this is
thought to be that just as the plasma compartment is in
equilibrium with the erythrocyte compartment, the true
plasma of whole blood is in equilibrium with the interstitial
fluid compartment. To account for this, Siggaard-Andersen
proposed that Cp,(B) be replaced with one-third of
its value, Cpy(B)/3, in Equations 2 and 3 [4, 6]. This
approximation was found to reproduce the in vivo carbon
dioxide titration curve [4], and has also been described as
diluting whole blood in its own plasma 2:1 [4, 6]. Siggaard-
Andersen called this calculated base excess the base excess of
extracellular fluid or standard base excess [4, 6] and has
asserted that this is the most relevant measure of the meta-
bolic component of an acid—base disorder [4, 6].

Siggaard-Andersen derived the Van Slyke equation by
seeking an expression for the change in total titratable base
directly [4, 5]. A different approach, which encompasses both
the base excess [4, 7, 8] and Stewart [7—14] approaches to
physiological acid—base balance, calculates the total titratable
base, in the case of base excess, or the strong ion difference, in
the case of the Stewart method [7, 8]. The advantage is that
this more general approach has more general applications, for
example in resuscitation [19-21]. The calculated strong ion
difference can also be compared to the value determined
from ion concentrations to obtain the strong ion gap to assess
for unmeasured ions [22]. The previously derived total
titratable base and strong ion difference equations reproduce
experimental data well for both separated plasma [7] and
whole blood in vitro [8], but like the corresponding Van
Slyke equations, do not reproduce the experimental human
in vivo CQO, titration curve.

An alternate method to the base excess and Stewart
methods for the clinical evaluation of acid—base status is the
bicarbonate based “Boston approach” [1, 15-18]. This
method uses an empirical set of rules, sometimes called the
“Boston rules”, which examine values for plasma arterial
proton or bicarbonate concentration, together with carbon
dioxide partial pressure, to determine the type of acid—base
disorder present and the degree of compensation [16, 17].
The Boston approach has been at least implied by some
authors to be entirely separate from the base excess method
[1, 15], although similar rules have been empirically
determined in terms of standard base excess [18].

The Siggaard-Andersen approximation for the inter-
stitium is applied to the general multicompartment model
developed previously [8] to obtain equations for the total
titratable base and the strong ion difference of the com-
bined human interstitial, plasma, and erythrocyte system.
It is then shown that the empirical Boston rules for pure
respiratory disturbances can be derived analytically from
the theory. Using the same model, the Van Slyke form for
the interstitial, plasma, and erythrocyte system is derived,
approximating the equation obtained semiempirically by
Siggaard-Andersen for the standard base excess.

THEORY

The acute response to plasma Pco,changes in vivo can be
calculated by considering the oxygenated arterial plasma
compartment in equilibrium with the erythrocyte com-
partment and the interstitial fluid compartment [4]. Intra-
cellular and bone buffering occurs over a longer time course,
and so may be neglected in the consideration of the acute
response to changes in Pco, [4]. As discussed previously [8],
the relevant generalized acid—base parameter is



P(IPE) Z Grpe(1)P(1) (4)

where P(IPE) is an acid—base concentration parameter, in
this case either total titratable base or strong ion difterence,
for the total plasma, erythrocyte, and interstitial fluid sys-
tem denoted by IPE. Siggaard-Andersen refers to this
system as the extracellular fluid [4, 6], but since it includes
red blood cells, the label is somewhat misleading. The P(y)
are the parameters for the single compartment y for plasma
(x = P), erythrocyte fluid (y = E), and interstitial fluid
(x = I). The volume fractions ¢ ;pp(y) refer to the fraction
of the total IPE system, as opposed, for example, to the
hematocrit ¢y(E) for whole blood described before [8].
The nonlinear and linear models for separated plasma P(P),
the erythrocyte compartment P(E), and whole blood P(B)
have been described previously in detail [7, 8]. The present
problem reduces to finding an expression for P(I), which
represents either the total titratable base Cg(I) or the strong
ion difference SID(I) of the interstitial compartment.

In the previous models, the P(y) could be calculated from
the chemical structure, equilibrium constants, and analytical
concentrations of the noncarbonate bufter species in com-
partment ¥, together with the proton and bicarbonate con-
centrations in compartment y [8]. When one considers the
heterogeneity of the interstitial fluid compartment and the
extracellular matrix across multiple different organs and tis-
sues [23-27], with multiple types of collagen and proteo-
glycans, the enormity and difficulty of formulating a similar
solution for P(I) becomes immediately apparent. Siggaard-
Andersen’s approximation to the Van Slyke equation to solve
this problem is applied to the previously developed theory for
plasma, erythrocyte fluid, and whole blood in order to obtain
similar equations for the IPE system as detailed below.

The Siggaard-Andersen approximation

Siggaard-Andersen modeled the base excess of the IPE
system by diluting blood in its own plasma, under the
assumption that the interstitial fluid is identical to plasma
[4]. That this 1s a workable assumption derives from the
fact that the experimental strong ion composition and
buffer value of interstitial fluid are basically the same as
plasma [4, 25, 27].

Under this approximation using Equation 4

VsP(B) + ViP(P)

P(IPE) = T

(5)

s and 17} are the volumes of blood and the interstitial
fluid, respectively, which together make up the total
volume of the IPE system. Since I is approximately
twice I’ for normal fluid status, Equation 5 shows that
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this amounts to diluting whole blood 2:1 in its own
plasma as asserted by Siggaard-Andersen [4, 6].
Using the results obtained previously [7, 8] in Equa-

tion 5 gives
_ j'(l‘)B (E) s )}P(P)
(6)

s+ 11

where ¢ (E)is the whole blood hematocrit, and 4 is a factor
which accounts for trapped plasma between the erythrocytes
in the vessels. Ady(E) is referred to as the whole body
hematocrit [4, 27]. The calculation of P(P) and P(E) have
been described previously for both the nonlinear and linear
approximation cases |7, 8]. The linear forms are more easily
manipulated and have been shown to be good approxima-
tions to the complete nonlinear cases [7, 8]. The linear
approximations are therefore used in the subsequent deri-
vations. After substitution of the linear equations from ref-
erences 7 and 8 into Equation 6, the resulting total titratable
base and strong ion difference for the IPE system with fully
oxygenated erythrocyte fluid are stated explicitly as

Cp(IPE) = {1 _a r[(é)fd;j(E)VB}[HCO3]P

+ (1= 2O Cante) s.0pH) + 5

+ CoulP)(030pH(P) — 0.4)}
AV3

————Cpe(B){10.2pH(P

3 Cone(B)(10.29H(

/“d)B( Vs
I's+ 1

(4¢s(E) Vs

P(IPE)
I's + 11

P(E) + {1

)+ 12.4}

P Con(E){0.70pH(P) — 0.5} (7)

and

"C(E)V“QZ)B (E) s
I's+ 1

Ay (E)
" <1 Vo + Vi >{C
+ Cpnoe(P)(0.30pH(P) — 0.4)}

SID(IPE) = {1 _a-

}[HCO3_]P

P)(8.0pH(P) — 41)

+ VLE/CHgb(B){lo-sz(m —73.6}
A
Iqu(JF)VI Cprc(E){0.70pH(P) — 0.5} (8)

with Cg(IPE) and SID(IPE) indicating the total titratable
base and strong ion difference, respectively, of the inter-
stitial, plasma, and erythrocyte system. C 4,(P) and Cpy,os(P)
are the albumin and phosphate concentrations of plasma,
respectively. Cp,y(B) is the hemoglobin concentration of

whole blood, Cppg(E) is the 2,3-diphosphoglycerate
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concentration in the erythrocyte, pH(P) is the plasma pH,
and [HCOj3 ™ |p is the plasma bicarbonate concentration. r,.(E)
is the bicarbonate Donnan ratio between the plasma and
erythrocyte compartments. All concentrations are in milli-
moles per liter. Plasma albumin in g/dL may be multiplied by
0.15 to obtain mM, and phosphate in mg/dL by 0.322 to
obtain mM [28]. Hemoglobin in g/dL may be multiplied by
0.155 to obtain mM [28].

Using the normal values for blood volume 13 = 5 and
interstitial fluid volume V7 = 10 L along with r(E) =
0.51 [4, 5, 8], Equations 7 and 8 become for normal
volume status

Cp(IPE) = (1 — 0.17¢(E))[HCO; ],

+ (1 = 0.33¢3(E)){ Cas(P) (8.0pH(P) + 53)

+ Cpios(P) (0.30pH(P) — 0.4) }

+ 0.33Cp(B){10.2pH + 12.4}

+ 0.33¢3 (E)Cppe(E){0.70pH(P) — 0.5} (9)
and
SID(IPE) = (1 — 0.17¢5(E))[HCO, |,

+ (1 = 0.33¢3(E)){ Can(P) (8.0pH(P) — 41)

+ Cpios(P) (0.30pH(P) — 0.4) }

+ 0.33C(B){10.2pH(P) — 73.6}

+ 0.33¢ (E)Cppe(E){0.70pH(P) — 0.5} (10)

As the normal 4 = 0.96 does not have a significant effect
on the final value, it has been set to unity. Physiological
pH is then determined by the simultaneous solution of
Equations 9 or 10 and the well known equilibrium rela-

tionship [4, 8, 17]

, _ [HT],[HCO;],
= S Poo.(P) (11)

For human plasma pK’ = 6.103 [4, 17]. S is the equilib-
rium constant between aqueous dissolved CO, and CO,
in the gas phase and equals 0.0306 at 37°C, when the
proton plasma concentration [H']p is in moles per liter,
[HCO; Jp is in millimoles per liter, and the partial
pressure of carbon dioxide Pco,(P)is in Torr [17].

Relationship to the Boston rules for acute respiratory
acid=base disorders

The acute in vivo carbon dioxide titration curve represents
a pure respiratory acid—base disorder, for which ACy(IPE) =
ASID(IPE) = 0 mM, even though A[HCO; |Jp # 0 mM.

As an alternate method of analysis to the base excess and
strong ion difference approaches, the Boston rules can also be
used to determine whether a given set of [H ], [HCO3 ™ |p,
and Pco, (P) represents a pure respiratory acidosis or alkalosis
[16, 17]. The compensation equations are empirical [16, 29],
but it is possible to derive the empirical rules theoretically for
acute respiratory disorders from the above model. The
derivation of the bicarbonate based Boston rules for acute
respiratory acidosis and alkalosis from Equation 10 is given
below using the strong ion difference parameter. Equa-
tion 11 is substituted into Equation 10 with substitution of
the normal values for the noncarbonate buffer concentrations
and constants |7, 8] to give

[H*],SID(IPE) = — 81[H"],—5.8[H"],La[H"],
+0.925K'SP¢o, (P) (12)

where the definition of pH

Ln[H"],

H(P) =
PH(P) ==

(13)
has been utilized. Ln denotes the natural logarithm. The
second term on the right side of Equation 12 involving
[H"]pLa[H"]p is now expanded to first order in a power
series in [H']p about an arbitrary nonzero concentration
point [H'],, and the resulting equation rearranged to give

5.8[H*], + 0.925K'SPco, (P)

H'e =555 + 5.8Ln[H'], + SID(IPE) "

Taking the derivative of [H'|p with respect to Pco, (P)
gives

IH"], 0.925K’S
dPco,(P)  86.8 + 5.8La[H '], + SID(IPE)

(15)

The analogous equation for plasma bicarbonate may be
obtained similarly starting with Equation 10 and inserting
normal values for noncarbonate buffer concentrations and
constants [7, 8] to give

SID(IPE) = —81 — 5.8La[H*], +0.925[HCO; ],
(16)

The analogous power series expansion of the second term
in Equation 16 on the right to first order is then per-
formed and the result rearranged to yield
[H'], = = 13[H"], 4 0.16[H"] [HCO, 7,

— [H"],La[H"], — 0.17[H"] SID(IPE) ~ (17)

Substituting Equation 17 into Equation 14, rearranging,
and taking the derivative as before provides



IHCO, |,
OPco, (P)
B 5.8K'S
 [H*],{86.8 + 5.8Lu[H*], + SID(IPE)}

(18)

which gives the analogous relationship to Equation 15 in
terms of bicarbonate.

Relationship to the Van Slyke equation for standard
base excess

Using the derivation described in detail previously [8], the
equations for Cg(IPE) and SID(IPE) may be recast with
constant noncarbonate buffer concentrations (normal or
abnormal) in the form of the Van Slyke equation [4-6, 8]

SBE =BE(ECF)

= ACy(IPE)

:{V* C’LC@’( )}{A[HCO Jp+B'(IPE)ApH(P) }
Hgh

(19)

where SBE is the standard base excess, which is equal to
BE(ECF), the base excess of the extracellular fluid, which
is equivalent to both ACp(IPE) and ASID(IPE), the
changes in the total titratable base and the strong ion
difference, respectively, of the interstitial, plasma, and
erythrocyte system for constant noncarbonate buffer
concentrations [7, 8].
The C*Hgb is given by

Hb (1 — r(E))

= ASID(IPE)

(20)

with Cp(E) representing the erythrocyte fluid hemo-
globin concentration with the other variables as given
above. The V* term is

VB + V]V[(I)
I's + 1

V=

(21)

where r, (I) is the bicarbonate Donnan ratio between the
plasma and interstitial fluid compartments.

CHQb(B) : ﬁIIPE<E) + BIIPE(P) + B,IPE(I) (22)

with effective bufter values for plasma in the erythrocyte,
plasma, and interstitial compartments of [$7p(E), Bipe(P)

and ﬁ;PE(I

B/IPE(E)

B (1PE) =

), respectively.

_ Vs {pH'(E)B(E) — B(P)}
VB{CHgb(E) - (1 - "f(E))CHgb(B)} + VI":(I)CHgb(E)
(23)

Wooten: Standard Strong Ion Difference 181

Bier:(P)

_ B(P) VsChrg(E)

B VB{CHgb(E) - (1 - rf(E))CHgb<B)} + VI"C(I)CHgb(E)
(24)

Biee(1)

A B Vipt (1)C 1, (E)

- Vs{Chig(E) — (1 = r.(E))Crigs(B) } + Vir(1)Cyn (E)

(25)

where pH’(E) and pH’(I) are the partial derivatives of pH in
the erythrocyte and interstitial compartments, respectively,
with respect to the plasma compartment pH [4, 8]. S(E),
p(P), and B(I) are the true molar buffer values in the
erythrocyte, plasma, and interstitial compartments,
respectively. Again, A is assumed to be unity.

There are several features to note regarding Equa-
tions 19-25. The first is that if V7] is set to zero, then the
equations collapse to the case for whole blood derived
previously [8]. If the Siggaard-Andersen approximation

for interstitial fluid is applied, in which f(I) = B(P),
pH’(I) = 1, and r, (I) = 1, Equations 19-25 become
SBE = BE(ECF) = ACy(IPE) = ASID(IPE)
_ ), VsCrg(B) _
= {1 AR A mc;gb}{A[Hcog,]P
+ B4 (IPE)ApH(P) } (26)
where
y 5Ch ,
oair) = D (6) + iy 1) @)
and
)y {pH'(E)B(E) — B(P)}
ﬂSA(E) - C (E) . (1 - V[(E)) VBCHgb(B) (28)
e (Vs + 1)
and
/ o ﬁ(P)CHgb(E)
BSA (P) - - (1 _ V((E))VBCHgb(B) (29)
Cre(E)
(VB + VI)

analogous to the form for whole blood in vitro [4-6, 8]. The
values f54(IPE), fs4(E), and f%54(P), denote the effective
buffer values using the Slggaard Andersen approximation,
analogous to those in Equations 2 and 3. For the normal
values of I3z =5L and 15 =10L, it is seen that
this approximation amounts to replacing Cjp,(B) in the
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equation for whole blood with one-third of its value,
Cre(B)/3 [4, 6, 8]. Note, however, that Cp,(B) must
be replaced wherever it occurs, and not just where it
appears in Equations 2 and 3. Also of note, Siggaard-
Andersen defined the hemoglobin concentrations
Cpep(B) and Cpyg(E) and hence f54(E) in terms of the
hemoglobin monomer concentration, which is four
times that of the conventionally reported tetramer con-
centration [4, 5]. Either can be used, provided that the
definition is consistent throughout [8].

METHODS

Calculations were performed on an HP Pavilion com-
puter equipped with a 2.19 GHz Athlon AM 64 dual
core processor running Mathematica 6.0 (Wolfram
Research) and Excel 2003 (Microsoft). Calculations
performed using Mathematica were exported to Excel
for graphical display. The pH(P) was stepped in 0.01
increments to calculate Pco,(P) or [HCO;3 |p. The
calculations employed the constants and methods used
previously except where otherwise specified below [8].
The designations “‘normal plasma” and “‘normal whole
blood” used the normal values given in reference 8. The
designation ‘“‘normal interstitial, plasma, and erythrocyte
system’” used these same values together with I’y =5 L
and 177 =10 L.

For theoretical graphs of plasma Pco,(P) vs. pH(P)
from Equation 10, constant SID(IPE) was assumed, and
Equation 11 or the Henderson—Hasselbalch equation
[4, 8, 17] was used to convert plasma bicarbonate con-
centration to plasma Pco,. Similar calculations were
performed for the linear approximations for plasma and
whole blood as before [8]. The corresponding [HCO3 ™ |p
vs. pH(P) graph from Equation 10 was also calculated
together with the associated plasma and whole blood
graphs as before [7, 8]. Experimental data for Pco,(P) vs.
pH(P) were obtained from Brackett et al. [29], with the
experimental [HCO; [p vs. pH(P) curves generated
from the Henderson—Hasselbalch equation. In addition,
Pco,(P) vs. pH(P) and [HCO;3 ]p vs. pH(P) assum-
ing constant normal plasma bicarbonate at 24.25 mM were
also calculated from the Henderson—Hasselbalch equation
[4, 8, 17].

The theoretical in vivo carbon dioxide titration curves
Pco,(P) vs. pH(P) and [HCO;3 |p vs. pH(P) were also
calculated using the Van Slyke equation for extracellular
fluid [6], assuming constant base excess and normal
parameters with the explicit form [0]

SBE = BE(ECF)
= {1 = 0.00775C(B) } { ((HCO5 ], — 24.25)
+ (0.77Chp(B) + 7.7) (pH(P) — 7.40)}  (30)

which is defined in terms of hemoglobin monomer
concentration in mM [4-6]. The Henderson—Hasselbalch
equation was used to obtain Equation 30 in terms of
Pcoz(P). The PCOZ(P) VS. pH(P) and [HCO37]p VS.
pH(P) curves were additionally calculated using Equa-
tions 26-29 assuming normal parameters for the IPE
system. Equations 2630 were also used to obtain graphs
of [HCO; |p vs. pH(P) at constant SID(IPE) for
both normal and half normal whole blood hemoglobin
values.

RESULTS

The strong ion difference calculated from the model of
Equation 10 for the normal interstitial, erythrocyte, and
plasma system is 40 mM, which agrees well with the value
of 39.5 mM calculated from the strong ion concentration
values and compartment volumes given by reference 27.
In addition, the normal calculated slope of the [HCO; ™ |p
vs. pH(P) curve at constant SID(IPE) obtained from dif-
ferentiation of Equation 10 is

d[HCO;7],

R —14 (31)

This value is consistent with the previously measured
values of —12.2 [29], —16.2 [4], and —21 [30].

The theoretical Pco,(P) vs. pH(P) curves for the IPE
system, whole blood in vitro, and separated plasma are
shown in Figure 1. The experimental values obtained by
Brackett et al. [29] are also shown. Pco,(P) vs. pH(P)
assuming constant bicarbonate alone is provided for
comparison. These same relationships are also plotted for
plasma bicarbonate vs. plasma pH in Figure 2 as a Dav-
enport diagram [31].

The strong ion difference theory, or Stewart formalism,
was used to compute the Boston rules for pure respiratory
disturbances as shown in Equations 15 and 18. For
pK = 6.103, S = 0.0306, constant SID(IPE) = 40 mM,
and [H"], corresponding to either a mildly physiologically
acid pH of 7.3 or a mildly alkaline pH of 7.5 Equation 15
gives

AH*],  0.8nM

= 2
APCOZ (p) Torr (3 )
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Fig. 1. Pco,(P) vs. pH(P) at constant strong ion difference for the normal
IPE system (solid curve), whole blood in vitro (dot dashed curve), and
separated plasma (dashed curve) together with the Pco, (P) vs. pH(P) curve
calculated from the Henderson—Hasselbalch relationship at constant normal
[HCO;5™ [p (dotted curve). Experimental data from reference 29 is also
shown (squares).
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Fig. 2. [HCOj5™ |p vs. pH(P) at constant strong ion difference for the
normal IPE system (solid curve), whole blood in vitro (dot dashed curve),
and separated plasma (dashed curve), together with the [HCOS [p vs.
pH(P) line for the Henderson—Hasselbalch relationship at constant normal
[HCO;3™ |p (dotted line). Experimental data from reference 29 is also
shown (squares).
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which is the result obtained empirically for acute respi-
ratory acidosis and alkalosis [16, 17, 29].

For the constants above and [H'], corresponding to a
mildly acid pH of 7.3, Equation 18 gives

A[HCO,™], 0.1nM

APco,(P) (33)

Torr
for a pure respiratory acidosis. An [H '], corresponding to

a mildly alkaline pH of 7.5 gives

A[HCO,™], 02mM
APco,(P)

Torr (34)
for a pure respiratory alkalosis. The values derived here
equal the previously published empirical values [16, 17,
29].

Figure 3 shows calculated in vivo carbon dioxide
titration curves from the Van Slyke forms of Equations 26
and 30 together with the experimental curve of Brackett
et al. [29]. The curve calculated from Equation 10 is also
shown. Analogous graphs for plasma bicarbonate vs.
plasma pH are shown in Figure 4. The effects of hemo-
globin concentration are shown for normal hemoglobin
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40.00 1
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equation of Equation 30 (X), and the Van Slyke form of Equation 26
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Slyke equation calculated from Equation 30 using normal (solid curve) and
half normal (dotted curve) Crg(B), together with the Van Slyke equation
of Equation 26 using normal (dashed curve) and half normal (dot dashed
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concentration and half normal concentration for both
Equations 26 and 30 plotted as a Davenport diagram [31]
in Figure 5.

DISCUSSION

The use of the Stewart method continues to be reported
for analysis of clinical acid-base balance with largely
acceptable results [32-37]. These studies have usually
employed the Stewart strong ion difference equations for
plasma [7, 9—-13], although as previously noted, plasma is
in equilibrium with the erythrocyte phase, and therefore
an equation for whole blood was derived [8], which also
gives clinically concordant results [38]. In addition, Rees
et al. [39, 40] have developed a sophisticated optimized
numerical model for simulating acid—base physiology
which can accurately calculate arterial blood gas parame-
ters from venous values. The previously developed gen-
eralized model for total titratable base and strong ion
difference has also been shown to replicate the results of
the Van Slyke equations for plasma and whole blood
[7, 8], but like the Van Slyke equations for plasma and
whole blood, do not reproduce the in vivo carbon
dioxide titration curve of normal man [29]. Experimental
results have suggested that the acute in vivo COj titration
curve depends upon equilibration between the plasma,
erythrocyte, and interstitial fluid compartments of the
total IPE system [4], and therefore the interstitial com-
partment must be included in the model. To circumvent
the problem of obtaining a precise model for the complex
interstitial compartment, Siggaard-Andersen proposed the
approximation of assuming that the interstitial compart-
ment has the same composition and properties as plasma
to calculate the extracellular base excess [4, 6]. As formally
demonstrated in Equations 4 and 5, this approximation
amounts to diluting whole blood in its own plasma, which
produces the linear approximations given in Equations 9
and 10 for total titratable base and strong ion difterence,
respectively. Since Siggaard-Andersen referred to the
extracellular base excess as the standard base excess, one
could therefore by analogy consider the variables of
Cg(IPE) and SID(IPE) the standard total titratable base
and standard strong ion difference, respectively. As pre-
viously derived for the general case, the extracellular base
excess BE(ECF), ACy(IPE), and ASID(IPE) are equiva-
lent for constant noncarbonate buffer concentrations at
the same level of approximation [8].

Figure 1 demonstrates a comparison of Pco,(P) vs.
pH(P) curves using the linear approximations for the
strong ion difference of plasma, whole blood in vitro, and
the IPE system. The IPE curve reproduces the in vivo
titration curve surprisingly well, particularly considering
that the average normal values for the noncarbonate bufter
concentrations were used, as the actual values were not
measured in the classic experimental study of Brackett
et al. [29]. It should be noted that Dell and Winter [41]



developed a model to predict the slope of the in vivo
curve and argued that intracellular buffers must be in-
cluded in the acute carbon dioxide titration curve to
reproduce the slope, although they assumed a much lower
value for the bufter value of interstitial fluid, which may
be the reason that their model for the IPE system was
insufficient to predict the slope of the experimental in
vivo curve [41].

As demonstrated in Figure 1, the whole blood equation
overestimates the slope of the experimental CO, titration
curve data more than the plasma curve underestimates
it. The curve for the Henderson—Hasselbalch equation is
also graphed for comparison at constant [HCO; |p =
24.25 mM, demonstrating that the bicarbonate equilibrium
alone is insufficient for prediction of the human in vivo
carbon dioxide titration curve. Figure 2 shows the same
relationships plotted in a Davenport diagram format as
plasma bicarbonate versus plasma pH for the acute CO,
titration curve, showing similar findings. The slope of the
theoretical [HCOj3 ™ |p vs. pH(P) curve for the IPE curve of
Figure 2 1s —14, concordant with previous results [4, 29,
30], and the theoretical normal SID(IPE) is 40 mM, also in
agreement with previously published data [27]. The normal
value for SID(IPE) is noted to be close to that for the SID(P)
of 39 mM determined before [7, 8].

As with the base excess of Siggaard-Andersen, the
multicompartment model used in the present work may
be regarded as a correction to bicarbonate for respiratory
effects in order to obtain the metabolic component of an
acid—base disorder [4, 6-8, 31]. Equation 10 for the IPE
system together with the plasma and whole blood models
developed previously [7, 8] may therefore be used to assess
the relative discrepancies in the respective models for a
ASID = 0 mM. One deduces that for a pH(P) of 6.9
(ApH(P) of —0.5), the calculated A[HCO; |p for a pure
respiratory disturbance will be 7.2 mM for the IPE sys-
tem, 18.6 mM for whole blood, and 2.8 mM for plasma,
so that at a plasma pH of 6.9 the plasma curve bicarbonate
value is 4.4 mM from the IPE curve, while whole blood
is 11.4 mM from it. These discrepancies, particularly for
whole blood, could be large enough to produce erroneous
results in clinical applications for sufficiently large
ApH(P). These results do suggest, however, that the
Stewart equation for separated plasma, even though it
does not exactly reproduce the in vivo titration curve,
could give qualitatively acceptable clinical results, since
the overall bufter value and SID for plasma are relatively
close to that for the IPE system, and this may in fact be the
reason for the clinical utility of the plasma Stewart
equations found in clinical studies [32-37].

As noted above and demonstrated graphically in
Figure 2, for a pure respiratory disturbance, the straight
line for the Henderson—Hasselbalch equation assuming
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constant bicarbonate is insufficient to precisely calculate
the metabolic component of an acid—base disorder. In
the example above, for a pH(P) = 6.9, although the
ASID(IPE) for the IPE system gives a metabolic compo-
nent of zero, the bicarbonate approach using the Boston
rules would need to be applied to the bicarbonate con-
centration to deduce that the [HCO; |p = 31.46 mM
(A[HCO3 ]p = 7.2 mM) represents a pure respiratory
acidosis without a metabolic component [16, 17]. As
shown in Equations 12-18 and Equations 32-34, the
Boston rules for acute respiratory acidosis and alkalosis can
be derived from first principles using the multicompart-
ment model, reproducing the experimental values exactly
[16, 17, 29]. The Boston rules for acute respiratory aci-
dosis and alkalosis are thus not only compatible with the
Copenhagen base excess method and the Stewart ap-
proach, but can be derived analytically from them. This
result is consistent with the corresponding empirical
compensation rules in terms of standard base excess found
by Schlichtig et al. [18]. While the rules are derived here
for the case of normal noncarbonate bufter concentration
and compartmental volumes, one could use the model for
the IPE system to take into account the eftects of fluid
status and changes in noncarbonate buffer concentration.
It should also be pointed out that although these rules are
sometimes referred to as compensation rules, in the case of
the acute respiratory abnormalities this does not represent
physiological compensation, but is simply a reflection of
LeChatlier’s principle in the setting of a chemical equi-
librium.

The results obtained and summarized in Figures 1 and 2
demonstrate that the linear approximation for the total
titratable base and strong difference IPE models reproduce
the in vivo titration curve and therefore may be regarded,
as stated by Siggaard-Andersen for the corresponding
extracellular base excess model [6], as the most relevant of
the three compartmental models. Equations 9 and 10 are
therefore expected to produce the best agreement with
clinical data and have the most prognostic value.

It is also noted, despite the claim of a recent publication
[42], that Equations 9 and 10 may be solved and used in a
variety of ways. The usual clinical scenario relates to
knowing the plasma pH, plasma bicarbonate, and non-
carbonate buffer concentrations, and the Cg, SID, ACgp,
or ASID are used to estimate the metabolic component of
an acid-base disorder [28]. Alternatively, if one knows the
Cgp or SID, together with the bicarbonate and noncar-
bonate buffer concentrations, one could calculate the final
pH. This could theoretically be important, for example, in
calculating the effects of resuscitation [19-21].

For over 40 years the Van Slyke equations have been
available to calculate the metabolic component of an
acid-base derangement [4—6], and have been used for
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calculation in blood gas analyzers [43]. As shown previ-
ously for plasma and whole blood in vitro, Van Slyke
equations may be derived from first principles [7, 8], and
Equations 19-29 demonstrate that the formalism can be
extended to the IPE system and formally demonstrate
Siggaard-Andersen’s previous assertions regarding stan-
dard base excess as detailed below [4, 6]. Figures 3 and 4
compare the I[PE multicompartment model (Equa-
tion 10), the standard base excess of Siggaard-Andersen
(Equation 30), and the Van Slyke equation derived from
the multicompartment model (Equation 26) for the pre-
diction of the curves for Pco,(P) vs. pH(P) and
[HCO; Jp vs. pH(P) compared to the data of Brackett
et al. [29].

It is appropriate at this point to review several features
and observations regarding the Van Slyke equations and
Figures 3 and 4. First, as mentioned above, there is a
different Van Slyke form for plasma, whole blood, and
extracellular fluid, where extracellular fluid is equal to the
IPE system. In many publications, the exact form being
calculated varies or is not specified [44]. Second, for the
extracellular base excess, also known as the standard base
excess, the interstitial compartment is considered to have
the same properties as the plasma compartment, which is
shown formally by Equation 5 to amount to diluting
whole blood 2:1 in its own plasma as asserted by Siggaard-
Andersen [4, 6]. An equivalent statement, also previously
asserted by Siggaard-Andersen, and formally shown in
Equations 2629, is that this same result may be achieved
by replacing Cpy,(B) by one-third of its value in the Van
Slyke equation for whole blood [6].

Third, the Siggaard-Andersen derivation of the Van
Slyke equation expresses the hemoglobin concentration in
the erythrocyte, Cp,(E), as well as the hemoglobin con-
centration of whole blood Cp,,(B), which is the product
¢(E) Cpg(E), in terms of hemoglobin monomer con-
centration [4—6]. Thus, for normal human whole blood, the
appropriate monomer value in the Van Slyke equation for
Creb(E) is 21.2 mM, and for Cpy,(B) is 9.3 mM [4, 5]. For
extracellular fluid the Cp(B) is divided by 3, or 3.1 mM
for one-third the monomer concentration [4, 5]. As an
aside, if the corresponding whole blood hemoglobin tet-
ramer concentration of 2.3 mM were incorrectly used in
the whole blood equation, this approximates the monomer
concentration divided by 3, and the error would actually
approximate the extracellular base excess.

In addition, in the development of the Van Slyke
equation, Siggaard-Andersen provided the form of
Equation 2, but indicated that #"(P) in Equation 3 equals
the true plasma buffer value f(P), which as noted previ-
ously [8], and evident in Equations 19-29, does not
appear to be correct for the Van Slyke form. This remains
true even if a different grouping of terms for ff’ s4(IPE) in

Equations 27-29 is chosen. Furthermore, based on the
present and previous [8] derivation of the buffer values in
the Van Slyke form, the effective bufter values are also not
independent of Cp,(B), as shown by Equations 19-29. It
turns out, however, that the dependence is rather weak as
shown in the Davenport diagram of Figure 5. For a pure
respiratory disturbance, the [HCO; |p calculated using
the Van Slyke form of Siggaard-Andersen in Equation 30
differs from the calculation of Equation 26 by approxi-
mately 1 mM for a ApH(P) of —0.5 for both normal and
abnormal hemoglobin values, while decreasing the blood
hemoglobin concentration by half results in a difference of
approximately 2 mM between normal and abnormal
values for both Equations 26 and 30 at a ApH(P) of —0.5.
Nonetheless, the standard base excess of Equation 30 and
the SID(IPE) of Equation 10 reproduce the experimental
data slightly better than the Van Slyke form of Equa-
tion 26. This discrepancy is a consequence of both the
dependence of the buffer values on Cpy(B) as well as the
fact that pH’(E) = 0.77 is used in both Equations 26 and
30 [4, 5, 8], while a pH’(E) = 1 is implicit in Equation 10.

At this point it is worth discussing the validity of the
Siggaard-Andersen approximation. It is, of course, man-
ifestly nonphysical as the albumin and phosphate con-
centrations in interstitial fluid do not approach those of
plasma, and the collagen and proteoglycans supply both
charge and buffer capacity [4, 24]. Furthermore, the
assumption of aqueous equilibrium behavior for the gel-
like interstitium may be invalid [23, 26, 27]. Nonetheless,
such an approximation provides reasonable results and is
attractive for several reasons. First, the strong ion differ-
ence and buffer capacity of plasma and interstitial fluid are
experimentally similar [4, 25, 27]. Second, the Nernst
potential across the endothelial membrane is low, and the
Donnan ratios for protons and bicarbonate concentrations
are close to unity [25]. Third, the approximation allows
one to link interstitial acid—base and electrolyte behavior
to clinically measured variables such as serum albumin
concentration. Although one could derive a monoprotic
model with a pK, and normal concentration parameter
A~ for the interstitium [9, 12, 39], it is difficult to see
how to apply that to an abnormal case in which there is an
abnormal A, In cases of hypoalbuminemia, which are
often associated with peripheral edema, the low albumin is
expected to be associated with dilution of the interstitium
as edema fluid builds up in the interstitium, thereby tying
the decreased albumin concentration to a decrease in the
noncarbonate buffer concentrations of the interstitial fluid
[27]. Consequently, there is reason to expect that the
Siggaard-Andersen approximation would continue to
hold at least to some degree in such cases. This conjecture
is supported by the utility found for standard base excess
for a wide application of clinical studies [18, 35, 38, 44].



In summary, the approximation used by Siggaard-
Andersen to obtain the standard base excess has been
applied to the previously developed multicompartment
model to obtain the analogous standard total titratable
base, Cp(IPE), and standard strong ion difference,
SID(IPE), as linear closed form equations as a function of
plasma pH, plasma bicarbonate, and noncarbonate bufter
concentrations for the interstitial, plasma, and erythrocyte
(IPE) system. This model for the IPE system reproduces
the in vivo carbon dioxide titration curve in normal man.
The associated ACg(IPE) and ASID(IPE) are equivalent
to the extracellular base excess of Siggaard-Andersen at
constant noncarbonate buffer concentrations. The multi-
compartment model for the IPE system in the Siggaard-
Andersen approximation was then used to derive from
first principles the Boston rules for acute respiratory acid—
base disorders, demonstrating that the Boston approach is
entirely compatible with the base excess and Stewart
approaches. Next, from the multicompartment model,
the Van Slyke equation for the IPE system was derived,
giving similar results to the Van Slyke equation for standard
base excess obtained by Siggaard-Andersen. In addition,
Siggaard-Andersen’s assertion that the extracellular base
excess can be obtained by replacing the blood hemoglobin
concentration with one-third its value in the whole blood
Van Slyke equation was formally demonstrated.

REFERENCES

1. Kurtz I, Kraut J, Ornekian V, Nguyen MK. Acid-base analysis:
a critique of the Stewart and bicarbonate-centered approaches.
Am ] Physiol Renal Physiol 2008; 294: 1009-1031.

2. Morgan TJ. The Stewart approach- one clinician’s perspective.
Clin Biochem Rev 2009; 30: 41-54.

3. Doberer D, Funk G-C, Kirchner K, Schneeweiss B. A critique
of Stewart’s approach: the chemical mechanism of dilutional
acidosis. Int Care Med 2009; 35: 2173-2180.

4. Siggaard-Andersen O. The acid—base status of the blood (4th
ed.). Williams and Wilkins: Baltimore, MD, 1974.

5. Siggaard-Andersen O. The Van Slyke equation. Scand ] Clin
Lab Invest Suppl 1977; 146: 15-20.

6. Siggaard-Andersen O, Fogh-Andersen N. Base excess or buffer
base (strong ion difference) as a measure of a non-respiratory
acid—base disturbance. Acta Anaesthesiol Scand 1995; 39(Suppl
107): 123-128.

7. Wooten EW. Analytic calculation of physiological acid—base
parameters in plasma. ] Appl Physiol 1999; 86: 326-334 (Corrig-
enda. J Appl Physiol June 1999; 86: following table of contents).

8. Wooten EW. Calculation of physiological acid-base parame-
ters in multicompartment systems with application to human
blood. J Appl Physiol 2003; 95: 2333-2344 (Corrigenda. ] Appl
Physiol June 2004; 96: 1577-1578).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Wooten: Standard Strong Ion Difference 187

. Stewart PA. Modern quantitative acid—base chemistry. Can J

Physiol Pharmacol 1983; 61: 1444-1461.

Figge J, Rossing TH, Fencl V. The role of serum proteins in
acid-base equilibria. ] Lab Clin Med 1991; 117: 453—467.
Figge J, Mydosh T, Fencl V. Serum proteins and acid—base
equilibria: a follow-up. J Lab Clin Med 1992; 120: 713-719.
Constable PD. A simplified strong ion model for acid—base
equilibria: application to horse plasma. J Appl Physiol 1997; 83:
297-311.

Watson PD. Modeling the effects of proteins on pH in plasma.
J Appl Physiol 1999; 86: 1421-1427.

Kellum JA, Elbers WGE, editors. Stewart’s textbook of acid—
base (2nd Ed.). Lulu.com, 2009.

Severinghaus JW. Siggaard-Andersen and the “Great Trans-
Atlantic acid-base Debate”. Scand J Clin Lab Invest Suppl
1993; 214: 99-104.

Narins RG, Emmett M. Simple and mixed acid—base disorders:
a practical approach. Medicine (Baltimore) 1980; 59: 161-187.
Burus, CA Ashwood, ER (Editors). Tietz textbook of clinical
chemistry (2nd ed.). Saunders: Philadelphia, PA, 1994.
Schlichtig R, Grogono AW, Severinghaus JW. Human PaCo,
and standard base excess compensation for acid—base imbalance.
Crit Care Med 1998; 26: 1173—-1179.

Constable PD. Stewart approach is not always a practical
clinical tool. Anesth Analg 2004; 98(1): 271-272.

Lang W, Zander R. Prediction of dilutional acidosis based on
the revised classical dilution concept for bicarbonate. J Appl
Physiol 2005; 98: 62-71.

Witt L, Osthaus WA, Juttner B, Heimbucher C, Sumpelmann
R. Alteration of anion gap and strong ion difference caused by
hydroxyethyl starch 6% (130/0.42) and gelatin 4% in children.
Pediatr Anesth 2008; 18: 934-939.

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

Arnott, S Rees, DA Morris, ER (Editors). Molecular biophysics
of the extracellular matrix, Humana Press, Inc.: Clifton, NJ,
1984.

Aukland K, Reed RK. Interstitial-lymphatic mechanisms in
the control of extracellular fluid volume. Physiol Rev 1993; 73:
1-78.

Fogh-Andersen N, Altura BM, Altura BT, Siggaard-Andersen
O. Composition of interstitial fluid. Clin Chem 1995; 41:
1522-1525.

Ayad S, Boot-Handford RP, Humphries M]J, Kadler KE,
Shuttleworth CA. The extracellular matrix facts book (2nd
ed.). Academic Press: London, 1998.

Guyton AC, Hall JE. Textbook of medical physiology (11th
ed.). Elsevier, Inc.: Philadelphia, PA, 2006.

Wooten EW. Science review: quantitative acid—base physiol-
ogy using the Stewart model. Crit Care 2004; 8: 448—452.
Brackett NC, Cohen JJ, Schwartz WB. Carbon dioxide titra-
tion curve of normal man. Effect of increasing degrees of acute
hypercapnea on acid—base equilibrium. New Engl ] Med 1965;
272: 6-12.

Holmdahl MH. The use of tristhydroxymethyl)amino-meth-
ane during short periods of apneic oxygenation in man. Ann
NY Acad Sci 1961; 92: 794-801.

Davenport HW. The ABC of acid-base chemistry (6th ed.).
University of Chicago Press: Chicago, IL, 1974.



188 Journal of Clinical Monitoring and Computing

32.

33.

34.

35.

36.

37.

38.

Corey HE, Vallo A, Rodriguez-Soriano J. An analysis of renal
tubular acidosis by the Stewart method. Pediatr Nephrol 2006;
21: 206-211.

Dubin A, Menises MM, Masevicius FD, Moseinco MC, Ku-
tscherauer DO, Ventrice E, Laffaire E, Estenssoro E. Com-
parison of three different methods of evaluation of metabolic
acid—base disorders. Crit Care Med 2007; 35: 1264—1270.
Zehtabchi S, Soghoian S, Sinert R. Utility of Stewart’s strong
ion difference as a predictor of major injury after trauma in the
ED. Am | Emerg Med 2007; 25: 938-941.

Antonini B, Piva S, Paltenghi M, Candiani A, Latronico N.
The early phase of critical illness is a progressive acidic state due
to unmeasured anions. Eur J Anesthesiol 2008; 25: 566-571.
Boniatti MM, Cardoso PR C, Castilho RK, Vieira SRR. Acid—
base disorders evaluation in critically ill patients: we can improve
our diagnostic ability. Int Care Med 2009; 35: 1377-1382.
Noritomi DT, Soriano FG, Kellum JA, Cappi SB, Biselli PJC,
Liborio AB, Park M. Metabolic acidosis in patients with severe
sepsis and septic shock: a longitudinal qualitative study. Crit
Care Med 2009; 37: 2733-2739.

Park M, Taniguchi LU, Noritomi DT, Braga AL, Maciel AT,
Cruz-Neto LM. Clinical utility of standard base excess in the

39.

40.

41.

42,

43.

44,

diagnosis and interpretation of metabolic acidosis in critically ill
patients. Brazilian ] Med Biol Res 2008; 41: 241-249.

Rees SE, Andreassen S, Hovorka R, Summers R, Carson ER.
Acid-base chemistry of the blood—a general model. Comp
Meth Prog Biomed 1996; 51: 107-119.

Rees SE, Toftegaard M, Andreassen S. A method for calcula-
tion of arterial acid—base and blood gas status from measure-
ments in the peripheral venous blood. Comp Meth Prog
Biomed 2006; 81: 18-25.

Dell RB, Winters RW. A model for the in vivo CO, equili-
bration curve. Am J Physiol 1970; 219: 37—44.

Nguyen MK, Kao L, Kurtz I. Calculation of the equilibrium
pH in a multiple buffered aqueous solution based on parti-
tioning of proton buffering: a new predictive formula. Am ]
Physiol Renal Physiol 2009; 296: 1521-1529.

Mentel A, Bach F, Schuler J, Herrmann W, Koster A, Crystal
GJ, Gatzounis G, Mertzluftt F. Assessing errors in the deter-
mination of base excess. Anesth Analg 2002; 94: 1141-1148.
Morgan TJ. Standard base excess. In: Kenally J, Jones M, eds,
Australasian anaesthesia. Bridge Printery Pty Ltd: Alexandria,
NSW, 2003; 95-104.



	The standard strong ion difference, standard total titratable base, and their relationship to the Boston compensation rules and the Van Slyke equation for extracellular fluid
	Abstract
	Introduction
	Theory
	Relationship to the Boston rules for acute respiratory  acid--base disorders
	Relationship to the Van Slyke equation for standard  base excess

	Methods
	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


