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erum protfeins and acid-base equilibria: a follow-up

JAMES FIGGE, THOMAS MYDOSH, and VIADIMIR FENCL
© ALBANY, NEW YORK and BOSTON, MASSACHUSETTS

A mathematic modet that described the acid-base behavior of bicod plasma has
been revised to incorporate pK values of individuat histidine residues on human se-
rum albumin determined by nuclear magnetic resonance spectroscopy. With the in-
sights derived from the model a method for evaluation of the strong ioh difference
has been developed. Thus if pH, Pco,, and the concentrations of serum albumin and
phosphate are measured, all independent variables, which physically determine
“acid-base balance” in plasma, can be quantified. New ways o evaluate “unidenti-
fied anions” in metabolic acidosis can be explored with this approach. (J L Cun Mep
4992;420:713-9)

Abbreviations AG = anlon gap; [Alb] = concentration of serum albumin (g/dl); [Al"7] = concen-
tration of serum aibumin (MEg/L); BB, = buffer base in plasma; NMR = nuclear magnelic 1eso-
nance; Pi = inotganic phosphate; [Piy,) = total concentration of inorganic phosphorus-containing
species (HyPO,. HPO,, HPOZ™, POZ™ [mmoldl]); [P¥] = concentration of inorganic phosphorus-
containing specles (mEgiL); pHe = cdiculated pH; pHm = measured pH; Pr° = negative electic
charges on a protein molecute; $ID = strong ion difference; S gpe = Gpparent SID; SID, = effec-
tive SID; [XA] = concentration of unidenfified anions (mEa/l)

xtending the work of Stewart,’ we recently de-
veloped a mathematic model that accurately
B described acid-base states in artificial solutions
resembling plasma, quantified the decisive role of se-
rumn albumin in acid-base equilibria, and showed that
globulins have a negligible role in this respect.? The
model did not use available data® on pK values of in-
dividual histidine residues in human serum albumin.”
The contribution of histidine to the acid-base behavior
of albumin is indeed decisive over the range of pH
values of biologic interest.” Accordingly, we have re-
vised the model (o incorporate that information.

The model. The acid-base state in biologic fluids is
determined by several independent variables' #: Pco,,
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SID {SID = X (all strong cations) — X (alf strong an-
ions)}, and the [Alb] and [Piy]. Our model is a math-
ematic function that relates pH, a dependent variable,
to the values of the independent variables:

pH = {5 {Pco,, SID, [Alb], | Pi,, ]} (n

The contribution of a protein to the chemical equi-
Jibria in plasma depends on the number of dissociating
groups on the macromolecule (e.g., histidine residues
on serum albumin) and on the pK of each such group.
The function f,;; treats albumin as a complex polypro-
tic acid, with multiple dissociating groups defined ac-
cording to the known amino acid composition of the
molecule.®” In the original model,® all 16 histidine
vesidues in serum albumin were characterized by a
feast-squares oplimization as having effective pK val-
ues in the range of 7.2 to 7.3. However, in a macyo-
molecule, the pK of a dissociable group is affected by
the sutrounding microenvironment. Microenvironmen-
tal pK values measured by NMR spectroscopy are
available for 13 of the 16 histidine residues on human
serum albumin.? We incorporated these in the revised
model, and determined values for the remaining threc
histidine residues by a least-squares optimization

743
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Table 1. Equilibrium constants

ton product for water K'w = 4 AE-14 (Eq/L)
Carbonic acid system Kel = 2.46E-11 (Eq/L)forr

Ke? = 6.05-11 {Eagil)
Phosphoric acid system  Ki = 1.226-2 (mal)

K2 = 2 19E.7 {motL)

K3 = 1.6BE-12 {moi/L)

All values apply to blood plasma al 37° C and are identical lo the val-
ves used in Figge et al® Kot and Ka? are equiibrium constants goy-
erming the carbonic acid--bicarbonale-carbonale system. K71 through
A3 are the equilibrium constanls for the phosphoric acid-H R0y,
HPOT-POS system,

method using our data on artificial albumin- contain-
ing solutions.?

We also used the revised maodel o derive formulas
for characterization of the various “metabolic” acid-
base disturbances and for estimation of unmeasured
anions ({XAD, taking into account the acid-base ef-
fects of primary changes of |Alb]. This approach can
be of help in evaluating complex acid-base distur-
bzmcc;s, in which the traditional AG is often unreli-
able,®?

METHODS

We foliowed the general approach described for our orig-
inal model,? employing the same two sets of experimental
data used in that study. First, the new maodel was fitted to
data from artificial solutions simulating acid-base distur-
bances in plasma, but with human serzm albumin as the
only protein, We then applied the new model to the second
data base, on artificial solutions containing all proteins of
normal humar sera, with values of 51D, [Pi,J, [Alb], and
Peo, imposed (by repeated altrafiltration and tonametry) (o
simulate complex acid-base disturbances,

Table ¥ shows equilibrium constants for water, and the hi-
carbonate and phosphate systems. The pK values for the -
fratable residues on albumin are shown in Table 11, Mi-
croenvironmental pK values for 13 of the 16 histidine
residues in human alhumin were originally determined by
NMR spectroscopy at 25° C.* we have applied an approxi-
male termperature correction factor (o adjust these pK values
10 37° C: the lemperature-corrected vahies are shown in Ta-
ble . To derive the approximate temperature correction
factor, we used d-methyl-imidazole as a model compound
since it is substituted at the same position as the imidazole
fing in the histidyl residue.” From the data of Nozaki et
al.,' the temperature correction coefficient (dpK/dt) for
4-methyl-imidazole at an ionic strength of 0.16 is --0.0226
per degree Celeins. Thus we applied a correction factor of
(37 = 25) X —0.0226 = (.27 to adjust the histidine pK
values from 25° C o 37° C. The remaining three histidine
pK values that could not be determined by NMR were esti-
mated empirically, as follows,

For two of these 3 pK vales boundaries were determined
by NMR”: one pK was between 7 and &, another was <5.5,
Accordingly, afier applying the above-noled temperature
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correction factor, we ser up the following search ranges (g
optimize the values of these two unknown histidine pK vy,
ues:

{2)
4.8 N2 =52 3

No data were avaitable on (he K of the third histidine resi.
due, B was optindized within the arbilrary range of 4.8 fo
7.7

4.8 = N3 =77 (4

A computer program (see Appendix A) explored cach of
these search intervals at 0.1 PK unit increments to fingd the
values that optimized the least-squares 61 of the cafculateg
PH values with those measured in our artificial athumin-.
containing solutions,?

The pK valuves for tyrosine, aspartic acid, and glutamic
acid were taken from the data of Tanford,"" based on his ti-
ration of human serums albumin, For cysteine, and the
amine and carboxy termind, pK vaiues standard for globulyr
proteins were applied. 2

Each titratabie lysine and arginine residue Wwas assigned
either a “low” PK value (pK = 9.4) or 4 “high” pK value
(K = 11). The total number of titratable lysine and argin-
ine residues with a low pK value (N4) was optimized as fol-
lows:

0= N4 =83

The total number of titratable lysine and arginine residues
with a high pK value (NSY was optimized within the search
range of;

0=N5=g %)

The sum of low- and high-titrating tysine and arginine resi-
dues (N4 + NS5} was constrained as follows:

75 = (N4 -+ NS) = 83 (7

The maxinwm number for a1 titratable groups conforms
to the known amino acid composition of human serum albu-
min.*” Equations 5 to 7 allow for the possibility that not ail
arginine and lysine residues are titratable at pH values of bi-
olegic interest; some might be buried within the interior of
the protein. A reasonable lower Timit for the number of
these ttratable groups was empirically found 10 be 75, as
shown in equation 7.

The mathematic model was optimized to fit our experi-
mental data on albumin solutions. Two criteria defined a
successful fit. First, the shsolute value of the sum of differ-
ences of calculated pH {pHc} values and measured pH val-
ues (pHm) had to be near ZETO!

(8

Second, ithe computer selected from all mathematic solu-
tions salisfying the above criterion the single one that mini-
mized the value of 7, the sum of the squares of the differ-
ences between phim and pHe:

§% = ¥ (pHe ~ pHm)? 9
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Table . fonizable groups in human serum albumin

Serum proleins 715

" Resiciue Number present* pK (K. Eqit) Reference
Cysleine 1 8.50 (3.1623-09} 12
Aspartic acid + glutamic acid 88 4.00 (1.0000£-04} 1
Tyrosing 18 9.60 (2.5119E£-10) 11
Arginine + Lysine

Low pi N4 940 (3.9811E-10) 2; see texd
High pk N5 11.00 {1.0000E-11) 2; see text
Histidine #1 i 7.2 (7.5858E-08)1 3
#2 i 7.22 {6.0256E-08)1 3
#3 1 7.10 (7.9433E-08)1 3
#4 1 7.49 (3.2358E-08)) 3
#5 1 7.01 {2.7724E-08)t 3
#6 i 7.31 (4.8978E-08) 3
#7 i 6.75 (1.7783E-Q7)t 3
#8 1 6.36 (4.3652E-07)1 3
#9 1 A4.85 (1.4126E-05)F 3
#10 1 5,76 (1.7378E-06) 3
#11 1 6.17 (6.7608E-07} 3
#12 1 6.73 (1.8621E-07)T 3
#13 i 5,82 (1.5136E-06)1 3
#14 1 N1 See 1ext
#15 1 N2 See text
#16 1 N3 See text
Amino terminus 1 8.00 {1.0000E-08) 12
Carboxy terminus 1 3.10 (7.8433E-04) 12

The computer program mcorporating the above consider-
ations and using a least-squares procedure” was run o opti-
mize N1 to NS, Details of the program are in Appendix A.

RESULYS

Human serum albumin solutions. The pH values calcu-
fated with the new model (pllc) are in good agreement
with the values measured (pHm) in the 65 samples of
human albumin solutions (Fig. 1, A). A least-squares
linear regression of pHe (v} versus pHm (x) is de-
scribed by the equation y = 1.01 x — 0.083 (r =
0.99), which is statistically not distinguishable from
the line of identity shown in the graph; the mean of
the differences (pHe — pHm) = +0.00039 (£0.034,
SD) is not statistically different from zero (1 = 0.093,
0.90 < p < 0,95, d.f. = 63).

The negative electric charges contributed by albu-
min, calcutated with the mathematic model ([Pr7e )
= y) agree well with those experimentally determined
{Pr"my,] = x) (where Prc,, = calculated value of
Pr™ for albumin); Prim,, = measured value of
Pr™ for albuminy. The plot fits the straight line y =
G.90x + 1.46 {r = 0.94), which is staistically not
distinguishable from the line of identity shown in the
praph (Fig. 1, B); the mean difference ([Prc,, -
(Prom,,D = 0.063 mEgl (£2.16, SD) is statisti-

. prom Takahashi et alt and Metoun et al.” N1 through N5 are parameters to be optimized by the compiter program (see Appendix A).
+Temperature corrected Lo 37° C by subtracting 0.27 pK units from the vaiues given by Bos el al.* as described in Methods.

cally not different from zero (1 = 0.24, 0.80 < p <
0.90).

Solutions with human serum proteins. The new model
also gave accurate predictions of pH in solutions con-
taining all proteins present in normal human sera (i.e.,
both albumin and globulins), which is in keeping with
our previous results.? The plot of pHe (y) against pHm
{x; yielded a best-fit ine ¥y = 1.08x — 0.60 (r =
0.99), which is statistically not distinguishable from
the line of identity (Fig. 1, €); the mean of the differ-
ences (pHe — pHm) = —0.0024 (=0.033 51 is not
statistically different from zero (r = 0.63, 0.50 < p <
0.60, d.f. = 70).

A plot of negative charges contributed by the pro-
teins, calculated with the supposition that albumin was
the only reacting moicty ([Pr c,,] = y) against the
values measured in the solutions with serum proteins
(Pr Myl = &) fits the straight line y = 0.77x +
2.72 (r = .87), with a good 1 around the line of
identity (Fig. 1, D), the mean of the differences
(Procy, — Prmg) = —0.17 mEg/L (£2.20 SD)
is statistically not different from zevo (1 = (166, 0.5 <<
p << 0.0}

Titration curve of humaon serur aibumin, g, 2 shows
the titration curve for human serum albumin at 37° C
calculated with the new model, the charge on albumin
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pH calculated

pH measured

pH calculated

1

7.5

pH measured
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Pr7, mEg/L, calculated

measured

Pr~, mEg/L, calculated

!
20

Pr= mé&g/L, measured

Fig. 1. A and B, Albumin solutions {n = 65). pH and Pr™ contributed by albamin were caleulated with the

mithematic model (see Appendix A) and piotted

againgt those measured in the solutions. C and D, Filirands
of hvman sera {n = 72). pH and Pr™ contribuied by the serum peoteins were caleul

aled with the mathemalic

mode] and plotted against those measured in the filtrands. Lines of identity are shown in all panels.

(mEq/gm) plotted as a function of pH. As with the
previous mathematic model,” there is good agreement
with the data of Tanford" and van Slyke et al. ™ As
noted previously,” the data of Tanford and van Slyke
et al. were obtained in solutions without the divalent
cations or phosphate; Pco, was ambient (<1 torr) in
all Tanford’s samples and in some samples of van
Slyke et al.

DISCUSSION

Our published mathematic mode] that successfully
described the acid-base behavior of blood plasma?® has
been criticized” for not incorporating al) the informa-
tion from an NMR study on pK values of histidine
vesidues in human serum albumin, ® The revised model
{see Appendix A for details) incorporates the informa-
tion derived from the NMR study on the effect of the
microenvironments within the macromolecule of albu-

min on the pK values of {he histidine residues. As
with the previous maodel, the predictions of the acid-
base equilibria in plasma are in satisfactory agreement
with the experimental data. Our current results also
agree with the previous observation that the globulins
contribute negligibly to the acid-base equifibria in
plasma, over the pH range of biclogic interest.

Caiculation of SID from routinely measured quantities.
All acid-base disturbances in plasma can be viewed as
arising from a perturbation of SID, Pco,, or the con-
centrations of the nonvolatile weak acids  (fAlbf,
[P l), or any combination of these four independent
variables. ™ For evaluation of (he acid-base status, it
is therefore desirable (o quantify all the independent
variables. For this purpose, Pco,, [Alb], and [Pig,
can be readily measured; conversely, S1D cannot.

From the routinely measured serum electrolytes an
“apparent SID” (8ID,,.,) can be calculated:
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Fig. 2. Titration curve of hwman seram albwmin at 377 C, over the
range of pH values of biologic relevance, as predicied by the math-
ematic modef {see Appendix A) for the system containing Na®,
K*',Cl7, Catt, Mgt ", Pi, SOF7, and Peo, varying between 21.9
and 91.2 torr, wilh fonic strength ~0.15. Experimental data cover
the range of pH 6.85 16 7.94; beyond these Jinsits Lhe curve is an
extrapolalion. Open circles () are data points taken from van
Slyke et al.,'® who tigrated horse serum albumin at 38° C in solu-
tions with oaly Na™ and C17 as strong jons, with Peo, varying from
<4 torr to 128.8 torr. Diamonds () ave daia points taken from
Tanford,"” who titrated human serum albumin at 37.8° C with tonic
strength 0,150, the solution containing only Na* and C17 as stroag
iens, and Peoy, << 1 1o,

= [Na*) + [K'] + [Mg""] + [Ca™"] -
(€] (10)

(Al values are expressed in mEq/l). However, in
bady fluids, there are always some anions present
(“unidentified” or “undetermined” anions, {XA]) that
are not routinely measured. All these acidic anions of
clinical interest (lactate, keto acids, formate, salicy-
late, sulfate, and other anions of renal failure} have

SID

app

ddues. As

" the acid- : '

agreement pK values at jeast _:hree .0"‘3‘."‘:5 of magnitude lower
salts also than the pH compatible with life. In blood plasma, all
globulins these acids are therefore always more than 99.9% dis-
ilibria in sociated. Their anions can thus be operationally con-
st sidered as co-determinants of SID {together with all
quantifies. truly n'onr(-:‘aclmg ions}. Therefo{'e a qua\nhiy called
viewed as “effective S1D7 (SID,) can be defined as follows:
the con- SID, = |[Na'] + {K"] + [Mg" "] + {Ca* "] ~ [CI7]
s ([Ab], ~ [XA] (1n)
lependent o i

status, it Combining cquations 10 and 11:

ependent [XA] = SID,,, — SID. (12)
nd [Pig,f : . . o
0L With the help of our mathematic model, the inde-

pendent vartable SID, can be calculated if all the re-

lytes an RGN X o
maining independent variables (Pco,, [AlD], [Pigd

Serurmn proteing M7
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Fig. 3. Solutions containing serum proteins (7 = 72). Plot of the
cffective SID, calculated with the mathemalic model (see Appendix
A) from the measured pH, Peo,, [Alb], and [Pi,,], versus the value
of $1D, dircetly derived (with equation 11) from the measured val-
ues of all strong ions present In the solutions.

and pH, a dependent variable, are known: if, as stated
in equation 1, pH = {5y {Pco,, SID, [AIb], [Pi,lh
then

SID, = fgp {PH, Pco,. [Alb], [P )} (13)

We applied this approach fo our published data
base” on artificial solutions containing serum proteins.
In these solutions, the concentrations of all ions that
determined the SID, were known and measured. They
included the commonly measured Na™, K", Mg™ ™,
Ca*™, CI, and also 1.5 mEg/L of SO;™, which is
not routinely determined and therefore classifies as
[XA] (see equation F1). In Fig. 3, values of SID, have
been calculated with the new mathematic mode] from
the measured pH, Pco,, [Alb], and [Pi,,] and are plat-
ted (v axis) against SID, values that were directly de-
rived (with equation 11) from the measured values of
all strong ions present in the solutions (x axis). The
plot fits the straight line y = 0.92x + 3.68 (r = 0.98),
which is statistically not different from the line of
identity shown in the figure; the mean of the differ-
ences (SID, caleulated) - (SID, measured) was
~0.15 mBEg/L. (£2.37 SD), which is statistically not
distinguishable from zero (r = 0.54, 0.50 < p <
0.60, df. = 70,

Caleulation of SID, with the mathematic model re-
quires access to 4 microcomputer. However, with the
insights derived from the model, an alternate simple es-
timate of SID, in plasma can be derived, based on the
principle of electroneutrality. This was first explored in

1948 by Singer and Hastings,'® when they defined
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1.0000E-0441.00008-04
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N7 through NS are parameters o be delenmingd by the feast-squares
methad. N1, N2, and N3 are oI values for the three histidine residues
not delermined by N {referance 3). N4 equals the number of tirrat-
able lysine plus arginine residues with a piC of 9.4: NS equals the 1um.
ber of titratable lysine pius argining rasidues with a pRol 1.0, [H* ] =
107 86,500 s the molecular weight of albumin,
"Microenvironmenial pK values {or all histidine residues in the mole-
cuie of human serum alimin are incorporated.

(KT X H P 4 2 % K1 x K2 (M) 8 K % K2 x KaygH '
FREX M 4K x K2 M+ KT x K2 K3) (see reference 2).
See Tables | and I and text for definilion of other constants.

BBy, Onone hand, they defined it as the difference be-
tween the sum of concentrations of the “lixed bases and
acids” (in current terminology, chemically nonreacting
cations and anions); in this sense, BB, is synonymous
with SID in plasma,'® e, , BB, = SIb,. Alternately,
Singer and Hastings defined BB, as the sum of ali
“plasma buffer anions™: bicarbonate plus negative
charges contributed by plasma proteins (L.e., albumin®)
and by inorganic phosphate:

BBy = [HCOF} + JAID™ | + [Pi¥] = SID(14)

If Peo,, pH, {Alb], and [Pi, ] are known, the solution
of equation 14 s simple and can be computed with a
handheld caleulator (see Appendix B).

The values of SID, estimated  with equation 14
agree well with those directly measured. The meun
difference between the estimated and measured values
of SID, was ~0.073 mEQL. (£2.39, SD), which is
statistically not different from Zere (7 = (.26, 0.80 <
P <090, df = 70

J Lab Glin Meg
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With this approach one can explore new ways 1
evaluate {XA] in metabolic acidosis. The customary
approach 1o acid-base balance relies on the evatuation
of AG for this purpose.'® AG is strongly influenceqd
by the concentration of serum proteips, 1546 specifj-
cally albumin. Moreover, when Pco, and SID vary
widely, it is difficult to establish a normal value for
AG at any given level of [AIb].7 This is so because
AG is a dependent variable and is actually determined
by several independent varjables (e.g., Pco,, SID,
[Alb], [P, D) in addition to [XAl; therefore an in.
crease in AG s aot always a simple stoichiometric ye.
flection of an increase in unidentified acidic anions as
the customary use of AG tacitly assumes. This ig why,
although of some usefulness in fairly simple acid-bage
disturbances, AG s equivocal in estimating accumula.
tion of unidentified acidic anions when several inde-
pendent variables change widely and divergently?; in
critically ill patients, this is rather common 7 On the
other hand, since SID is an independent variabie, the
value of (SID,, — SID,) defined carlier should give
an estimate of | XA] that is free of the theoretic limita-
tions of AG.

The model presented in this report may serve as a
useful theoretic framework for studies into the role of
SCrum proteins in acid-bage equilibria. Further ques-
tions that need 10 be addressed include the effects of:
(1) variation in jonic strength and lemperature, (2) co-
valent modifications of the albumin molecuie (e.p.,
genetic variants, carbamino compounds, glycosylation
in diabetic patients, (3) binding of various ligands
(c.g.. drugs, ipids) that might alter the conformation
and/or titraling behavior of albumin, and (4) the pres-
ence of cationic paraproteins. In the future, it might
be possibie (© use a derivative of the mathematic
maodel to help classify and interpret acid-base disor-
ders in clinical seltings,

We thank Davig k. Leith for usefut discussions.

APPENDIX A

We followed the general approach developed by
Stewart' and previously used by Figge et al.” 10 de-
sign a mathematic model of an apen system consisting
of water, strong ions, CO;,., and the nonvolatite weak
acids inorganic phosphate and atbumin. In this model
{Table 13, we have improved on the previous ver-
sion” Dy including microenvironmental pPK values for
the histidine residues of human serum afbumin as de-
termined by NMR.? The resulting model simulta-
neously satisfies requirements for: (1) electrical neu-
frality in the system: (2) the dissociation equilibria for
water, the carbonic acid System, and the phosphoric
acid system (see Table I for values of these dissocia-
tion constants); and (3) the dissociation equilibria for
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sl ionizable groups on the albumin molecule {see Ta-
ple 16).

As shown in Table 11, five parameters (N] to N5}
are to be optimized by a least-squares procedure 10 it
our experimental data on albumin solutions.” NI
ihrough N3 represent pK values of three albumin his-
fdine residues that were not determined by NMR.®
N4 represents the total number of titratable jysine and
arginine residues with a low pli (pK = 9.4), and N5
represents the total number of titratable lysine and
arginine residues with 2 high pK (pK = 11). Equa-
tions 2 through 7 in the Methods section describe con-
straints on the values of NI through N3. A computer
program  was writlen in QuickBASIC (Microsofl
Corp., Bellevue, Wash.) to determine the oplimal val-
ues of the parameters NI through N3 (within the
ranges defined by the constraints) by using & strategy
Gmilar to that previously described.”? The set of pa-
sameters that satisfied the least-squares criteria given
in equations & and 9 (see Methods) were then consid-
cred to represent the optimal model. The compuier
program was compiled and run on an Epson 80386/20
MHz computer (Epson America, Inc., Tomance, Ca-
1if.) equipped with an 80387 math coprocessor using
double-precision  floating-point atithmetic. A hard
copy of the program may be obtained from one of the
authors (J. F.)

The final resuits yielded the following optimized
values: Nt = 7.3, N2 = 5.2, N3 = 7.3, N4 = 77,
NS = 0. The corresponding minimum value for §°
was 0.0728 as defined by equation 9 in the Methods
section. The value of $° from the previous model”
was 0.0675: thus the fit of the experimentaf data to the
present model is nearly as good as the fit to the origi-
nat model.

APPENDIX B

A simple formula for the calcalation for SHD, can
be derived from a statement of electrical neutrality:

SID, + [H*] = [OH ]+ [HCO 3] + [CO3 71 + Al
DY)k [P

In the physiologic pH range of 6.9 to 7.9, several
terms are negligible and can be omitted, giving the
simplified equation (sec Discussion, equation 14):

SiD, = [HCO; ] + lA]bx----] + P

Over the stated pH range, the negative charge dis-
played by albumin is nearly lincarly velated to the pH
(sce Fig. 2). Thus a lincar function can be used to ap-
proximate the value of [Al*7] from the measured
values of [Alb] and pH. Simitarly, by solving function
2 (Table 111, it is possible to approximate [P from
the measured values of [Pl and pH by a linear fit
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over the same pH range. The value ol 1HCO5 ] can be
determined from the measured values of pH and Pco,.
By performing the appropriate least-squares fits and
substituting into the above equation, the foliowing for-
mula is derived:

SID, = 1000 x Kel X Peo,/(107PM) 4 10 % [Alb] X
(0.123 % pH — 0.631) + [Pig,] ¥ (0.309 x pH —
0.469)

This Tormula is simple fo apply. Note that [Pl is in
mmol/L. whereas routine measurements of phosphate
are usually in milligrams per deciliter of phosphotus.
To convert o mmel/lL, multiply the measured value
by the factor (10/30.97).
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