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Abstract  :  We  in t roduce  computed  va lue  o f  the  co r rec ted  S t rong  Ion
Di f fe rence  (S ID)  by  inc lud ing  the  l a rge  va r i ab i l i ty  o f  the  apparen t
dissociat ion constant  pK’ in non-logari thmic form on SID in Henderson-
Hasse lbach  b ica rbona te  ion  aqueous  equ i l ib r i a  the reby  resu l t ing  in  a
signif icant  correct ion of  up to 27% in SID. We further  introduce a new
concept  o f  S t rong  Ion  Di f fe rence  Excess  (SIDE)  as  the  change  in  SID
from the reference value at pH = 7.4, pCO2 = 5.33 Kpa (or 40 torr). The
SIDE is  a  par t icular ly  useful  quick measure  when one can rule  out  the
e f fec t s  o f  hemoglob in ,  weak  p ro te ins  and  un iden t i f i ed  componen t s  fo r
human b lood  p lasma.
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INTRODUCTION

Almost  a  cen tury  ago ,  Henderson  (1)
used  an  equi l ib r ium theory  of  ca rbona te
spec ies  to  sugges t  a  phys io-chemica l
approach  to  ac id-base  ba lance  in  human
blood .  La te r ,  Hasse lbach  (2)  p rov ided  a
s imple  formula  ( the  Henderson-Hasse lbach
Equat ion)  to  descr ibe  those  equ i l ib r ia .
Thereaf te r ,  Van  S lyke  rea l ized  the
impor tance  of  non-carbona te  buf fe rs ,
principally hemoglobin and proteins,  in the
regulation of acid-base behavior (3).

From these early observations, Siggaard-
Anderson  and  o thers  have  deve loped  the
s tandard  (base  excess )  model  of  ac id-base
balance in common use today (4). This model
has enjoyed much success as is used widely.
The model is  relatively easy to understand,
based  on  exper imenta l  cor re la t ions ,  and
rel ies  on easy- to-measure  var iables .

However, the standard approach to acid-
base  ba lance  i s  not  wi thout  i t s  de t rac tors .
Base  excess  i s  der ived  by  t i t ra t ion  of  the
blood with acid or base in vitro. Since base
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excess is measured in a “closed” apparatus,
some inves t iga tors  have  c r i t i c ized  base
excess as artificially derived, physiologically
unregulated,  and otherwise i rrelevant  to  an
“open” in vivo system. Others have criticized
base  excess  (BE)  for  mere ly  quant i fy ing
ra ther  than  t ru ly  exp la in ing  ac id-base
d is tu rbances .  The  BE i s  based  on
experimental  correlat ions with curve f i t t ing
equat ions which were named as  Van Slyke
equat ion by Siggaard-Andersen (7)  thereby
lacking usage of electro-neutrality and laws
of mass action in the 21st  century.

In  1981 ,  S tewar t  (5 ,  6 ) ,  a  Canadian
physiologis t ,  proposed a  radical ly  different
approach  to  ac id-base  ba lance .  He  s ta r ted
by d iscarding  many of  the  fea tures  of  the
t rad i t iona l  model ,  inc lud ing  the  s tandard
notions of acids and bases.  Based upon the
laws of mass action, the conservation of mass
and the conservat ion of  charge,  he derived
relatively complex mathematical formulas to
describe acid-base balance, while introducing
two new variables, the strong ion difference
(SID) and the total  weak acids (Atot) .

The  reac t ion  f rom defenders  o f  the
“standard model” was vitriolic. To Siggaard-
Anderson and Fogh-Andersen (7)  and their
fol lowers ,  the  “Stewart  approach is  absurd
and anachronistic”. Partly as a result of this
c r i t i c i sm,  S tewar t ’ s  equa t ions  a re  l a rge ly
unknown outs ide  a  smal l  g roup  of
anes thes io log is t s  and  in tens iv i s t s .  In  the
intensive care unit, however, new models of
ac id-base  behavior  have  become impor tan t
to describe complex acid-base derangements.

Al though  d i f fe r ing  conceptua l ly ,  the
pr imary  goa l  of  t rad i t iona l  or  the  S tewar t
approach are similar  :  (1)  the measurement

of  the  ac id-base  d i s tu rbance ;  (2 )  the
e luc ida t ion  of  the  mechanism of  the
d is tu rbance ;  (3 )  the  c lass i f i ca t ion  of  the
disturbance as “metabolic” or “respiratory”;
and (4) the enumeration of the principle that
govern  the  d is turbance .  To  de termine  how
wel l  each  of  these  models  mee ts  these
objectives, we will first briefly describe the
traditional model.  Then, we will  review the
sal ient  fea tures  of  Stewar t ’s  work.  Final ly
we wi l l  show tha t  cor rec ted  SID which
incorpora tes  the  l a rge  var iab i l i ty  o f  the
apparent  d issocia t ion constant  pK’ in  non-
logar i thmic  form on  SID and  “St rong  Ion
Dif fe rence  Excess”  theory  may prov ide  a
f i rmer  foundat ion .

Al though aware  of  the  buffer ing power
of  noncarbona ted  spec ies ,  Henderson  (1)
emphasized the  s ignif icance of  bicarbonate
as a reserve of alkali in excess of acids other
than  carbonic  ac id .  In  h i s  now famous
monograph, he wrote the law of mass action
for  ca rbona te  spec ies  ( the  “Henderson
equat ion”)  as :

[H+] = K1 * [CO2] / [HCO 3
–] (Eq. 1)

where  [CO 2]  i s  the  to ta l  concen t ra t ion  of
d i sso lved  CO 2 gas  and  aqueous  H 2CO 3 in
p lasma,  [H +]  and  [HCO 3

–]  a re  the
concentrations of hydronium and bicarbonate
in  p lasma,  and  K 1’  i s  the  equ i l ib r ium
constant  for  the associat ion react ion.

Subsequently, Hasselbach and Gammeltoft
(8) and Hasselbach (2) adopted the Sorenson
convention (where [H+] is expressed by pH),
and  rewro te  equa t ion  1  (“ the  Henderson-
Hasselbach equat ion”)  as :

pH = pK’ + log[HC03
–] / (Sco2 * Pco2) (Eq. 2)
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where  the  to ta l  CO 2 concen t ra t ion  i s
expressed as Henry’s law [CO2] = Sco2 * Pco2

where  Sco 2 ( the  so lub i l i ty  coef f ic ien t  o f
CO 2 in  p lasma)  and  Pco 2 ( the  par t i a l
pressure of CO2 in plasma). Equation 2 can
also be expressed as in equation 2A where
K1’ = Sco2 * 10–pK’

[HCO3] = K1’ * [Pco2] / [H+] (Eq. 2A)

M E T H O D S

The Stewart model :  SID, A tot and Pco2

The  t rad i t iona l  approach  i s  o f ten
successful in clinical practice. However, the
model appears to break down at physiologic
ex t remes .  For  example ,  the  buf fe r  curve
(equat ion 2)  indica tes  tha t  the  p lo t  of  log
Pco2 vs.  pH should be l inear with an slope
equal to –1 (9). However, experimental data
cannot be fitted to the equation 2. The plot
of pH vs. Pco2 is in fact displaced by changes
in  protein  concentra t ion or  the  addi t ion of
sodium or  ch lor ide  and becomes  nonl inear
in markedly acid plasma (9) .

S tewar t ,  a  Canadian  phys io log is t  pu t
forth a novel approach of acid-base balance
(5 ,  6 )  wi th  the  fo l lowing  fea tures  (1 )  the
quant i ty  o f  H + added  or  removed  f rom a
phys io log ic  sys tem i s  no t  re levan t  to  the
final pH, since [H+] is a “dependent” variable;
(2)  human p lasma cons i s t s  o f  fu l ly
d i ssoc ia ted  ions  (“s t rong  ions”  such  as
sod ium,  po tass ium,  ch lor ide ,  and  lac ta te ) ,
par t ia l ly  dissociated “weak” acids  (such as
albumin and phosphate), and volatile buffers
(ca rbona te  spec ies ) ;  (3 )  an  eva lua t ion  of
nonvolati le buffers equil ibrium is important
to the description of acid-base balance; (4)

the weak acids of  plasma can be described
as  a  pseudomonopro t ic  ac id ,  HA;  and  (5)
p lasma membranes  may be  permeable  to
strong ions, which constitute the “independent”
var iab le  SID,  the  s t rong  ion  d i f fe rence .
Thus  t ranspor t  o f  s t rong  ions  ac ross  ce l l
membranes  may inf luence [H+] .

Wi th  these  assumpt ions ,  S tewar t  wro te
equa t ions  based  upon  the  laws  of  mass
ac t ion ,  the  conserva t ion  of  mass ,  and  the
conversat ion of  charge.

Water  Dissociat ion  Equi l ibr ium

[H+] * [OH–] = KW’ (Eq. 3)

where KW’ is the autoionization constant of
w a t e r

Electr ical  Neutral i ty  Equat ion

[SID] + [H+] – [HCO3
–] – [A–] – [CO3

–2] –
[OH–] = 0 (Eq. 4)

where  SID i s  the  “s t rong  ion  d i f fe rence”
([Na+] + [K+] – [Cl–] – [lactate]) and [A–] is
the concentration of dissociated weak acids.

Weak Acid  Dissociat ion Equi l ibr ium

[H+] * [A–] = Ka * [HA] (Eq.5)

where  K a i s  the  weak  ac id  d i ssoc ia t ion
cons tant  of  weak ac ids .  Thus ,  in  our  case
K 1’  in  equa t ion  1  fo r  b ica rbona te  ion
equi l ib r ia  does  no t  inc lude  weak  ac ids
cont r ibu t ion  as  i t  has  been  addressed  by
equat ions  5  and 6 .  Fur ther ,

[HA] + [A–] = [Atot] (Eq. 6)
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The  th ree  independent  var iab les  in
Stewart’s model are SID, Atot and Pco2 and
determine pH. In addition, one may vary the
temperature  and any of  the  ra te  constants .
Phys io log ica l ly ,  the  k idney ,  in tes t ine  and
t i s sue  each  con t r ibu te  to  SID whi le  l ever
mainly determines [Atot]  and the lungs Pco2.
Acidos is  resul t s  f rom an  increase  in  Pco 2,
[Atot] or temperature, or a decrease in [SID].
Metabol ic  ac idos i s  may  be  due  to
overproduction of organic acids (e.g.  lact ic
acids, ketoacids, formic acid, salicylate, and
su lpha te ) ,  loss  o f  ca t ions  (e .g .  d ia r rhea) ,
mishandl ing  of  ions  (e .g .  RTA)  or
admin is t ra t ion  of  exogenous  an ions  (e .g .
po ison ing) .  These  a l l  r esu l t  in  low SID.
Alkalos is  resu l t s  f rom a  decrease  in  Pco 2,
[A tot] ,  o r  t empera ture ,  o r  an  increase  in
[SID]. For example, metabolic alkalosis (e.g.
due to vomiting) may be due to chloride loss
resu l t ing  in  h igh  SID.  We would  l ike  to
s t ress  here  tha t  i t  i s  u l t imate ly ,  the
Elect r ica l  Neutra l i ty  Equat ion (equat ion 4)
which  prov ides  the  ba lance  of  a l l  the
variables irrespective of whichever variable
may emerge to be independent or dependent
depending on more accurate future research
on mechanisms involved.

Bicarbonate  Ion Format ion Equi l ibr ium

While both Sco2 and pK’ in equation 2
are  no t  cons tan t s  and  vary  wi th  ion ic
s t reng th ,  t empera ture ,  pH and  pro te in
concentration, the variation of pK’ is much
more significant in non-logarithmic form of
equa t ion  1  when  tempera ture  i s  f ixed  a t
37°C (10).  We find that  K1’  = 0.03 * 10 –pK’

where  Sco 2 i s  t aken  to  be  reasonab ly
constant 0.03 mmol/L * Hg at 37°C. Once the
tempera ture  i s  f ixed ,  a t  37°C,  pK’  var ies
s t rongly  wi th  ion ic  s t reng th  (11 ,  12) .

Abnormal plasma Na-levels fluctuations over
hours  and days  in  a  g iven  pa t ient  a re  not
uncommon (11) .  The variat ion in pK’ with
ion ic  s t reng th  i s  pa r t i cu la r ly  ev iden t  i f
logarithmic scale is not used. Hyponatraemia
or  hyperna t raemia  i . e .  var ia t ion  in  P lasma
Na levels  (and thus  St rong Ion Dif ference
in  genera l )  con t r ibu tes  s ign i f ican t ly  to
variations in K1’. Such large corrections are
very  obvious  when  appl ied  to  S t rong  Ion
Dif fe rence  model  which  does  no t  u t i l i ze
logarithmic scale (calculation of bicarbonate
f rom equa t ion  2  even  in  Base  Excess
approach  (4 ,  7 )  a l so  inc ludes  t ak ing  the
antilog and thus is confronted by same high
level of variations due to pK’). We converted
the  da ta  in  the  l i t e ra tu re  (12)  f rom pK’
versus ionic strength to K1’ Versus SID when
only bicarbonate and strong ions are present
(as contributions to SID by weak acids are
accounted  for  separa te ly  by  u t i l i z ing
equations 5 and 6) utilizing equations 1 and
4 and find it to be :

K1’ = 2.3 * 10–11 + 0.0355778 * 10–11 * SID
(Eq. 7)

Carbona te  Ion  Format ion  Equi l ib r ium

[H+] * [CO3
–2] = K3 * [HCO3

–] (Eq. 8)

where  K 3 i s  the  apparen t  equ i l ib r ium
dissociat ion constant  for  bicarbonate .

Combin ing  the  above  equa t ions  and
K3 = 6 * 10 –11 equiv/L,  Kw’ = 4.4 * 10–14

(equiv/L)2, we obtain the “Corrected Stewart
Equat ion” :

[SID] + [H+] – [2.3 * 10–11 + 0.0355778 * 10–11 *
SID] * Pco2/[H+] – Ka * [Atot]/(Ka + [H+]) – K3

* (2.3 * 10–11 + 0.0355778 * 10–11 * SID) Pco2/
[H+]2 – Kw’/[H+] = 0 (Eq. 9)
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F igge  e t  a l  (13)  fur ther  re f ined  A tot to
Albumin ,  [Alb]  in  g /dL and  Phospha tes ,
[Phos] in nmol/L and with equation 9 results
in corrected SID :

SID = (2.3 * 10–11 * Pco2/[H+] + 10 [Alb]
(0 .12  *  pH –  0 .631)  +  [Phos]  (0 .309  *
pH – 0.469) + 2.3 * 10–22 * 6 * Pco2/[H+]2 +
K w’ / [H +]  –  [H +] ) / (1  –  0 .0355778  *  10 –11 *
Pco2/[H+] – 0.0355778 * 6 * 10–22* Pco2/[H+]2)

(Eq. 10)

It may be also be noted that Atot/Albumin
do  prov ide  a  fa i r  share  to  the  va lue  of
corrected SID and there  is  no doubt  about
the contributions due to variat ions in Pco2.

RESULTS AND DISCUSSION

Figure 1 shows the fixed-SID for pK’ =
6.1 (or K1’ = 2.46 * 10–11 (equiv/L)2/mmHg,
assumed cons tan t ) ,  exac t -SID for  the
measured data points by uti l izing the exact
pK’ values (12) and corrected-SID, corrected
for pK’ variability by absorbing pK’ (or K1’)
versus  exac t -SID (equa t ion  7)  in to  the
cor rec ted-SID ca lcu la t ions  (equa t ion  10) .
Note the improvement in the corrected-SID
being  c loser  to  exac t -SID va lues  than  the
f ixed-SID va lues  wi thout  hav ing  resor t  to
costly and error prone measurements of the
ionic strength, etc. there by reducing health
care costs .  The x-axis reflects  various data
points shown as pK’ values (12).

The  S tewar t ’ s  model  may  prompt
reexamination of  the role of  t ransepithel ial
ch lor ide  conduc tance  in  the  regu la t ion  of
ac id-base  ba lance .  For  example ,  muta t ions
of  the  genes  encoding  the  Na + –  HCO 3

–

cotransporter (NBC-1), the B1 subunit of the
H+ - adenosine  t r iphosphatase  (ATPase)  and

the  Cl – : [HCO 3
–]  exchanger  (AE1)  a re

co l lec t ive ly  re fe r red  to  as  rena l  tubu la r
acidosis (RTA) (14). In the traditional model,
the  resu l t ing  hyperch loremic  metabol ic
ac idos i s  i s  a t t r ibu ted  to  low ne t  ac id
excretion. In the Stewart model,  acidosis is
due to hyperchloremia and the retent ion of
chlor ide  by the  renal  tubule .  For  example ,
muta t ions  in  the  WNK1 and  WNK4 genes
are associated with pseudohypoaldosteronism
type II (PHA II). Recently, Choate et al (15)
have  l inked  these  muta t ions  wi th  a  h igh
transtubular  chloride f lux.  This  observat ion
suggests that the acidosis of PHA II may be
due  to  h igh  reabsorp t ion  of  ch lor ide ,  as
predicted by the Stewart  model .  We would
like to stress here that i t  is  ult imately,  the
Elect r ica l  Neutra l i ty  Equat ion (equat ion 4)
which  prov ides  the  ba lance  of  a l l  the
variables irrespective of whichever variable

Fig.  1 : Show the fixed-SID for pK’ = 6.1 ((or K1’ = 2.46
* 10 –11 ( equ iv /L) 2/mmHg,  assumed  cons tan t ) ,
exac t -SID for  the  measured  da ta  poin ts  (12)
and corrected-SID, corrected for pK’ variabili ty
by absorbing pK’ (or K1’) versus exact-SID into
the  cor rec ted-SID ca lcu la t ions .  Note  the
improvement of  corrected-SID without  having
resort to costly and error prone measurements
of  the  ionic  s t rength ,  e tc .  there  by  reducing
heal th care costs .  The x-axis  ref lects  various
data  points  shown as  pK’ values .
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may be  emerge  to  be  independent  o r
dependent  depending  on  more  accura te
future  research  on mechanis t ic  de ta i l s .

To  measure  SID requi res ,  depending
upon the precision to which one aspires, the
measurement  o f  s t rong  ion  concent ra t ions
including Na+,  Cl–,  K+,  Ca++,  Mg++,  sulfate ,
urate, and lactate with their attendant costs.
The  prob lem of  cumula t ive  random assay
error with so many measured parameters is
no t  t r iv ia l  and  may compromise  the  very
precision the Stewart’s independent variable
SID approach  seeks ,  espec ia l ly  in  more
d i f f icu l t  cases  o f  ex t reme ac idos i s  o r
a lka los i s ,  the reby  reduc ing  i t s  u t i l i ty  and
prec i s ion  in  sp i te  o f  i t s  mathemat ica l ly
r igorous  model .  The exper imental  proof  of
SID has  been  es tab l i shed  by  compar ing
exper imenta l  measurements  wi th
computations (16,  17).  The measurement of
total ionic strength would also be susceptible
to similar  inaccuracies and added cost .  We
therefore suggest that computation of corrected
SID as  in  equa t ion  10  incorpora t ing  the
variability of K1’ (along with [H+]/pH, Pco2)
and  A tot/Albumin  con t r ibu t ion  (and
additional testing of keto acids in diabetics
and  o ther  spec ies  where  war ran ted)  i s  an
integrated and a more accurate and complete
measure  o f  resp i ra to ry /non- resp i ra to ry
equilibria of blood plasma. Thus computation
of corrected SID, rather than its experimental
measurement is a fair  p ragmat ic  approach

wi th  a  sound  b io log ica l ,  chemica l  and
mathemat ica l  bas i s .

We attempt to further introduce “Strong
Ion Difference Excess” (SIDE) as the change
in corrected SID from the reference value of
23.2 milli-equiv/L at pH = 7.4, pCO2 = 5.33
Kpa  (or  40  to r r  o r  40  mm Hg)  and
independent  o f  hemoglobin  and  weak
prote ins  and  unident i f ied  components .  The
SIDE is particularly a quick useful measure
when  one  can  ru le  ou t  the  e f fec t s  o f
hemoglobin  and  weak  pro te ins  and
uniden t i f i ed  components .  Thus ,  ignor ing
weak  pro te ins ,  a lbumin  and  smal le r  t e rms
from equation 10,  we obtain :

SIDE = (((2.3 * 10–11 *  Pco 2/[H +]) / (1 –
(0.0355778 * 10–11 * Pco2/[H+] – 0.0355778 *
6 * 10–22 * Pco2/[H+]2)) – 0.0232) (Eq. 11)

According to our definition SIDE is zero
for  va lues  o f  Pco 2 =  40  Tor r  and  for
pH = 7.4.

We hope  tha t  fu ture  K 1’  versus  SID
values  wi l l  be  ava i lab le  exper imenta l ly
spanning  the  wide  phys io logica l  range  for
heal thy  indiv iduals  and a lso  under  cr i t ica l
ca re  condi t ions .  Di rec t  accura te  [HCO 3

–]
measurements free of all  interfering ions in
the future is also a good solution to improve
the accuracy of  the SID approach.
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