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Abstrac t  :  We  in t roduce  a  p ragmat ic  approach  towards  the  co r rec ted
Base  Excess  (BE)  by  inc lud ing  the  l a rge  va r i ab i l i ty  o f  the  apparen t
dissociation constant pK’ in non-logarithmic form in Henderson-Hasselbach
b ica rbona te  ion  equ i l ib r i a  the reby  resu l t ing  in  a  s ign i f i can t  co r rec t ion
both in  calcula ted bicarbonate  ion concentra t ion and BE at  37°C.
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INTRODUCTION

Siggaard-Anderson  and  o thers  have
developed the standard (base excess) model
of  acid-base  balance in  common use  today
(1). This model has enjoyed much success as
is used widely. The model is relatively easy
to  unders tand ,  based  on  exper imenta l
corre la t ions ,  and re l ies  on easy- to-measure
variables. Others have criticized base excess
(BE)  for  mere ly  quant i fy ing  ra ther  than
truly explaining acid-base disturbances.  The
BE (or  Base  Def ic i t  (BD)  when  BE i s
nega t ive)  i s  based  on  exper imenta l
cor re la t ions  wi th  curve  f i t t ing  equa t ion
which was named as Van Slyke equation by
Siggaard-Andersen (2) .

At  the  hear t  o f  the  BE model  i s  the
ca lcu la t ion  of  b ica rbona te  concen t ra t ion
util izing the Henderson-Hasselbach equation
(3) .  Both the solubi l i ty  coeff icient  and the
apparent first dissociation constant still vary
even when temperature is fixed at 37°C. The
so lub i l i ty  coef f ic ien t  var ia t ion  wi th
interdependent variables e.g.  ionic strength,
pH,  a lbumin  concen t ra t ion ,  e tc .  i s  ra ther
small  and thus ignored. On the other hand,
small variations in the value of the apparent
first dissociation constant gives rise to very
large variations in bicarbonate concentrat ion
calculations of up to 60% (4).  Further,  pK’
values less than 6.1 as well as greater than
6.3 for pediatric patients are not uncommon
(5)  resu l t ing  up  to  170% in  b ica rbona te
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concentrations and hence also result in large
variations in the value of BE. The blood gas
tes t ing  equipment  manufac ture rs  have
ut i l i zed  a  cons tan t  va lue  of  6 .1  fo r  the
apparent first dissociation constant. We offer
th ree  so lu t ions  to  th i s  p rob lem,  f i r s t ly ,
fas t  and  accura te  d i rec t  b ica rbona te
concent ra t ion  measurement  to  ob ta in  BE,
secondly, an experimental solution involving
addi t iona l  measurement  o f  ion ic  s t reng th ,
a lbumin ,  ke tones  and  lac ta tes  where
warranted and thus added cost and utilizing
it to obtain the corresponding more accurate
va lue  of  the  apparen t  f i r s t  d i s soc ia t ion
constant to obtain BE or thirdly, a pragmatic
technolog ica l  so lu t ion  which  inc ludes  the
variabili ty of the apparent first  dissociation
constant as a function of BE.

Hasse lbach  and  Gammel tof t  (6 )  and
Hasse lbach  (3)  adopted  the  Sorenson
convention (where [H+] is expressed by pH),
and  presen ted  the  wel l -known “ the
Henderson-Hasse lbach  equat ion”  as :

pH = pK’ + log [HCO3
–]/(Sco2 . Pco2)

(Eq. 1)

where  the  to ta l  CO 2 concen t ra t ion  i s
expressed as [CO2] = Sco2 * Pco2 where Sco2

(the solubility coefficient of CO2 in plasma,
Henry’s law) and Pco2 ( the part ial  pressure
of CO2 in plasma).  Equation 1 can also be
expressed as  in  non- logar i thmic  form wi th
K1’ = Sco2 * 10–pK’ as :

[H+] = K1’ . Pco2/[HCO3
–] (Eq. 2)

The effect of pK’ variability on [HCO3
–]

calculation utilizing equation 1 when pK’ is
var ied  f rom 5 .9  to  6 .4  for  bo th  f ixed
pH = 7.4 and Pco2 = 40 mmHg is shown in

Table  I .  Note  the  l a rge  var ia t ion  of  the
[HCO3

–] for very small variations in pK’. The
logarithmic function hides the variations and
[HCO 3

–]  ca lcu la t ions  requ i res  an t i - log  and
br ings  fo r th  the  l a rge  var ia t ion  in  the
[HCO 3

–] .  Fur ther  equa t ion  1  appears  to
break  down a t  phys io log ic  ex t remes .  For
example ,  the  buf fe r  curve ,  equa t ion  1
indica tes  tha t  the  p lo t  of  log  Pco 2 vs .  pH
should be l inear with an intercept  equal  to
–1 (7) .  However ,  exper imental  data  cannot
be fitted to the equation 1. The plot of pH
vs.  Pco2 is  in fact  displaced by changes in
pro te in  concen t ra t ion  or  the  add i t ion  of
sodium or  chlor ide  and becomes  nonl inear
in markedly acid plasma (7) .

M E T H O D S

One approach  i s  to  use  Sco 2 and  pK’
va lues  for  mammal ian  f lu ids  which  a re
dependent  on  ion ic  s t reng th ,  p ro te in
concent ra t ion ,  e tc .  in  comput ing  [HCO 3

–]
from equation 1 but this involves costly and
accura te  measurement  o f  ion ic  s t reng th ,
protein concentration, etc.  for pK’ at 37°C.
As an a l ternat ive  Heis ler  (8 ,  9)  developed
complex  equa t ions  for  Sco 2 (mmol  1-1
mmHg-1)  (1  mmHg = 133.22  Pa)  and  pK’
that are purported to be generally applicable

TABLE I : Var ia t ion  o f  [HCO 3
–] ,  BE (equa t ion  11)

when pK’ is varied from 5.9 to 6.4 for both
fixed pH = 7.4 and Pco2 = 40 mmHg.

pK’ [HCO3
–] B E

5 . 9 38 .83 13 .4

6 . 0 30 .85 5 .99

6 . 1 24 .50 0 .09

6 . 2 19 .46 –4 .59

6 . 2 15 .46 –8 .3

6 . 4 12 .28 –11 .26
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to aqueous solutions (including body fluids)
be tween  0°  and  40°C and  incorpora te
the  molar i ty  o f  d i sso lved  spec ies  (Md) ,
so lu t ion  pH,  t empera ture  (T ,  °C) ,  sod ium
concentration ([Na+], mol 1-1), ionic strength
of non-protein ions (I, mol 1-1) and protein
concentration ([Pr],  g 1-1) :

Sco2 = 0.1008 – 2.980 × 10–2 Md + (1.218 ×
10–3 Md – 3.639 × 10–3)T – (1.957 × 10–5 Md
– 6.959 × 10–5)T2 + (7.171 × 10–8 Md – 5.596
× 10–7)T3. (Eq. 3)

pK’ = 6.583 – 1.341 × 10–2 T + 2.282 × 10–4

T2 – 1.516 × 10–6 T3 – 0.341I0.323 – log{1 +
3.9 × 10–4 [Pr] + 10A(1 + 10B)}, (4) where A
= pH – 10.64 + 0.011T + 0.737I0.323 and B
= 1.92 – 0.01T – 0.737I0.323 + log[Na+] +
(0.651 – 0.494I)(1 + 0.0065[Pr]) (Eq. 4)

Another approach is to directly measure
[HCO 3

–]  fo r  fas t  and  h igh  vo lume b lood
tes t ing  typ ica l ly  u t i l i z ing  Ion-Se lec t ive
Electrodes (ISE) in electro-chemical  sensor
based  ana ly t ica l  measurements  which
typ ica l ly  on ly  measure  f ree  and  mobi le
HCO3

– and thus susceptible to errors due to
HCO 3

– in te rac t ion  wi th  o ther  ions  e .g .
salicylate ions,  etc.

Yet another pragmatic approach is to use
our corrected-BE incorporat ing variat ion of
K1’ as K1’ versus BE (equation 5), corrected
for  ion ic  s t rength ,  e tc .  by  combin ing  Van
Slyke  equa t ion  accord ing  to  S iggaard-
Anderson or Zander or simplified-Zander and
equat ion  5 .

Bicarbonate  ion  format ion  equi l ibr ium

While both Sco2 and pK’ in equat ion 1

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
concent ra t ion ,  e tc .  the  var ia t ion  of  pK’  i s
cons iderab le  wi th  t empera ture  and  ion ic
s t reng th  (10) .  Wi th  K 1’  =  Sco 2 *  10 –pK’,
Sco 2 i s  taken to  be  reasonably  constant  a t
0 .03  mmol /L .mmHg a t  37°C.  Once  the
temperature is fixed at 37°C, pK’ still varies
s t rongly  wi th  ion ic  s t reng th  (10 ,  11) .
Hyponat raemia  i s  fa i r ly  common and  may
vary over  a  range of  80 to  210 mmol/ l  in
p lasma Na + l eve l s .  Abnormal  p lasma Na +

levels fluctuations over hours and days in a
g iven  pa t ien t  a re  no t  uncommon (10) .
Hypona t raemia  or  hyperna t raemia  i . e .
var ia t ion  in  p lasma Na + l eve l s  con t r ibu tes
significantly to variations in K1’. We find the
var ia t ion  in  pK’  wi th  ion ic  s t reng th  i s
par t icular ly  evident  i f  logar i thmic  sca le  i s
not used as in K1’ as expressed in equation
5.  Such large correct ions  are  very obvious
when applied to BE model, since calculation
of  b icarbona te  f rom equa t ion  2  in  Base
Excess approach (1, 2) also includes taking
the  an t i log  and  thus  one  i s  conf ronted  by
the high level of variations due to pK’. We
converted the data in the literature (11) from
pK’ versus ionic strength to K1’  versus BE
when only bicarbonate  and s t rong ions  are
present  and find i t  to be :

K1’ = 2.7346 . 10–11 – 0.3692 . 10–11 . BE
(Eq. 5)

I t  i s  fu r ther  no tewor thy ,  as  per  the
electrical  neutrali ty equation 6,  that  al l  the
ions are inter-related to reach equil ibrium :

( [Na +]  +  [K +]  +  . . .  –  [Cl –]  –  [ke tones]  –
[lactates]...) + [H+] – [HCO3

–] – [A–] – [CO3
–

2] – [OH–] = 0 (Eq. 6)
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where [A –]  represents  the  a lbumin ions .

We s ta r t  wi th  Van  S lyke  equa t ion
accord ing  to  S iggaard-Anderson  (12)  and
incorporate our correct ion for  K1’  (or  pK’)
va r i a t i ons .

c t H +- S i g g a a r d - A n d e r s e n ( = B E - S i g g a a r d -
Anderson) = – (1 – (1 – rc) · ϕEB) · ((cHCO3

–

– cHCO3°) + bufferval · (pH – pH°))
(Eq. 7)

rc = cHCO3
–E/cHCO3

–P = 0.57

ϕ EB = ctHbB/ctHbE

ctHbE = 21 mM

cHCO3° = 24.5 mM

pH° = 7.40

bufferval  = βmHb · ctHb + βP

βmHb = 2.3

I f  the  a lbumin  concen t ra t ion  (cAlb)  i s
known, the buffer  value of non-bicarbonate
buf fe rs  in  p lasma may be  expressed  as  a
function of cAlb :

βP = βP° + βmAlb · (cAlb – cAlb°)

βP° = 7.7 mM

βmAlb = 8.0

cAlb° = 0.66 mM

ctH+Ecf is calculated using ctHbEcf = ctHbB ·
FBEcf.  FBEcf,  volume fract ion of blood in
ex tended  ex t race l lu la r  f lu id ,  i s  0 .33  by
de fau l t .

The  f i r s t  t e rm (1  –  c tHb/c tHbB)  i s  an
empirical factor which takes the distribution

of  HCO3
– between plasma and erythrocytes

in to  account .  The  second  te rm (cHCO 3
– –

cHCO 3°)  t i t ra tes  the  b icarbona te  buf fe r  to
pH = 7.40 at pCO2 = 5.3 kPa. The last term
t i t ra tes  the  non-b icarbona te  buf fe rs
(primarily Hb and albumin) to pH = 7.40.

We combine equations 5 and 7 to obtain
equation 8 to obtain the corrected Siggaard-
Anderson’s Van Slyke equation for corrected
B E :

c o r r e c t e d - c t H + – S i g g a a r d - A n d e r s e n ( =
corrected-BE-Siggaard-Anderson) = – (1–(1 –
rc) · ϕEB) · (((2.7346/2.46) cHCO3

– – cHCO3°)
+  buf fe rva l · (pH –  pH°) ) / (1  +  (1  –  (1  –
rc ) · ϕ EB) . 0 .3692 . pCO 2. 10 (pH – 08)) (Eq. 8)

For all  clinical purposes, the Van Slyke
equation according to Zander (13) is the good
choice  and  can  be  recommended  in  the
following form :

BE-Zander  = (1–0 .0143 . cHb) . [{0 .0304 .
PCO2· 10(pH–6.1) – 24.26} + (9.5 + 1.63 . cHb) .
(pH – 7.4)] – 0.2 . cHb . (1 – sO2) (Eq. 9)

where  the  l as t  t e rm i s  a  cor rec t ion  for
oxygen saturation (sO2).  Hence, base excess
can  be  ob ta ined  wi th  h igh  accuracy  (<1
mmol/l) from the measured quantities of pH,
pCO2, cHb, and sO2 in used.

We combine equation 5 and 9 to obtain
equat ion 10 for  corrected BE for  Zander’s
Van Slyke equat ion :

correc ted-BE-Zander  = (1–0 .0143 . cHb) .
[{2.7346 . PCO2· 10(pH–8) – 24.26} + (9.5 + 1.63 .
cHb) . (pH – 7.4)] – 0.2 . cHb . (1–sO2)/(1 +
(1–0.0143.cHb) . 0.3692 . pco2.  10(pH–08))

(Eq. 10)



Indian J Physiol Pharmacol 2006; 50(3) Base Excess Significantly Corrected for the Variations 307

For  purpose  of  i l lus t ra t ion  of  our
pragmatic approach, we utilized a simplified
Siggaard-Anderson’s  Van Slyke equat ion :

BE-simplified-Zander = 0.9287 (HCO3 – 24.4
+ 14.83 (pH – 7.4)) (Eq. 11)

We show the resul ts  in  Table I  to  also
highlight the large variation of BE with pK’
according to equation 11 for Pco2 = 40 mmHg
and pH = 7.4.

We combine equations 5 and 11 to obtain
equation 12 for corrected BE

cor rec ted-BE-s impl i f i ed-Zander  =  0 .9287
((2 .7346 . 10 –08 . pCO2/10–pH)  –  24.4  + 14.83
(pH – 7.4))/(1 + 0.9287 . 0.3692 . pCO2 . 10(pH–8))

(Eq. 12)

RESULTS AND DISCUSSION

Figure 1 shows the f ixed-BE for pK’ =
6.1 (assumed constant),  exact-BE-simplified-
Zander  fo r  the  measured  da ta  po in t s
(11)  and  cor rec ted-BE-s impl i f i ed-Zander
corrected for pK’ variability by absorbing pK’
(or  K 1’ )  ve rsus  exac t -BE in to  the  BE-
s impl i f i ed-Zander  ca lcu la t ions .  Note  the
improvement  o f  cor rec ted-BE-s impl i f ied-
Zander over fixed-BE for constant pK’ = 6.1.
The x-axis reflects various data points shown
as pK’ values.

To  measure  ion ic  s t reng th  requ i res ,
depending  upon  the  p rec i s ion  to  which
one  asp i res ,  the  measurement  o f  ion
concentrat ions including Na+,  Cl–,  K+,  Ca++,
Mg ++,  sul fa te ,  ura te ,  and lac ta te  wi th  thei r
at tendant  costs .  The problem of cumulat ive

random assay error with so many measured
parameters  i s  no t  t r iv ia l  and  may
compromise  the  very  prec i s ion  needed  to
direct ly  correct  pK’ or  K1’ .  Our  pragmatic
approach makes such a correction in a cost
effective manner by absorbing the variation
of  K 1’  as  a  func t ion  of  BE i t se l f  wi thout
hav ing  resor t  to  cos t ly  and  e r ror  p rone
measurements  o f  the  ion ic  s t reng th ,  e tc .
thereby reducing heal th  care  costs .

We be l ieve  tha t  fu ture  K 1’  versus  BE
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 BE approach.

Fig .  1 : Fixed-BE for  pK’  =  6 .1  (assumed constant ) ,
exact -BE-s impl i f ied-Zander  for  the  measured
data points  (11) and corrected-BE-simplif ied-
Zander  co r rec ted  fo r  pK’  va r i ab i l i ty  by
absorbing pK’ (or  K 1’)  versus  exact-BE into
the  BE-s impl i f i ed -Zander  ca lcu la t ions .  Note
the  improvement  of  cor rec ted-BE-s impl i f ied-
Zander  wi thou t  hav ing  reso r t  to  cos t ly  and
er ro r  p rone  measurements  o f  the  ion ic
s t r eng th ,  e t c .  t he reby  reduc ing  hea l th  ca re
costs.  The X-axis reflects various data points
shown as  pK’ values.
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