Bicarbonate Does Not Improve Hemodynamics in Critically 111

Patients Who Have Lactic Acidosis

A Prospective, Controlled Clinical Study

D. James Cooper, BM, BS; Keith R. Walley, MD; Barry R. Wiggs, M5c; and

James A. Russell, MD

Study Objective: To determine whether correction of
acidemia using bicarbonate improves hemodynamics in
patients who have lactic acidosis.

Design: Prospective, randomized, blinded, crossover
study. Each patient sequentially received sodium bicarbon-
ate and equimolar sodium chloride. The order of the infu-
sions was randomized.

Setting: Intensive care unit of a tertiary care hospital.

Patients: Fourteen patients who had metabolic acidosis
{bicarbonate < 17 mmol/L and base excess = —10) and
increased arterial lactate (mean, 7.8 mmol/L). All had pul-
monary artery catheters and 13 were receiving catechal-
amines.

Measurements and Main Results: Sodium bicarbonate (2
mmol/kg body weight over 15 minutes) increased arterial
pH (7.22 to 7.36, P < 0.001), serum bicarbonate (12 to 18
mmol/L, P < 0.001), and partial pressure of C0% in arterial
blood (Pacoz) (35 to 40 mm Hg, P < 0.001) and decreased
plasma fonized calcium (0.95 to 0.87 mmol/L, P < 0.001).
Sodium bicarbonate and sodium chloride both transiently
increased pulmonary capillary wedge pressure (15 to 17 mm
Hg, and 14 to 17 mm Hg, P < 0.001) and cardiac output
(189 and 16%, P < 0.01). The mean arterial pressure was
unchanged. Hemodynamic responses to sodium bicarbonate
and sodium chloride were the same. These data have more
than 90% power of detecting a 0.5 L/min (79%) change in
mean cardiac output after administration of sodium bicar-
bonate compared with that after sodium chloride, Even the 7
most acidemic patients (mean pH, 7.13; range, 6.90 to 7.20)
had no significant hemodynamic changes after either infu-

Conclusions: Correction of acidemia using sodium bicar-
bonate does not improve hemodynamics in critically ill pa-
tients who have metabolic acidosis and increased blood
lactate or the cardiovascular response to infused catechol-
amines in these patients. Sodium bicarbonate decreases plas-
ma ionized calcium and increases Pacg;.
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Patients who have metabolic acidosis are currently
treated with sodium bicarbonate to correct acidemia,
to improve myocardial contractility and cardiac out-
put, and to increase the cardiovascular response to cir-
culating catecholamines (1-3). However, the ability of
sodium bicarbonate therapy to achieve these goals has
never been tested in a controlled clinical study and
therefore is debated (2, 4). Many adverse effects of
sodium bicarbonate therapy have been described (4,
5). Some of the potentially more important effects in-
clude hypercapnia and aggravation of intracellular aci-
dosis (6, 7), hyperosmolality (8), congestive cardiac
failure, and ionized hypocalcemia (9, 10). Hypercap-
nia is likely to occur during sodium bicarbonate thera-
py when the normally compensating respiratory re-
flexes are obtunded, which may occur during sedation
and mechanical ventilation. Hypercapnia may increase
intracellular acidosis because carbon dioxide crosses
cell membranes rapidly and thus may decrease myo-
cardial cell function (6, 11-14). Sodiusd bicarbonate is
usually infused as a hypertonic solutioli and therefore
may decrease myocardial contractility (15), increase
preload, and alter afterload. Any of these changes may
alter cardiac output. Finally, sodium bicarbonate may
decrease plasma ionized calcium. By increasing pH,
sodium bicarbonate increases the binding between cal-
cium ions and albumin (16) and also directly binds
calciom (17). A decrease in plasma ionized calcium
may then decrease myocardial contractility (18).

We designed a prospective, controlled clinical study
to determine whether the positive or negative hemody-
namic effects of sodium bicarbonate therapy predomi-
nate when it is used to treat patients who have lactic
acidosis. We questioned whether correction of acide-
mia using sodium bicarbonate infusion improves car-
diac output, blood pressure, or other hemodynamic
variables or changes plasma ionized calcium and par-
tial pressure of CO; in arterial blood (Pagcgz) in crit-
ically ill patients who have lactic acidosis.

Patients and Methods
Patients

Fourteen critically ill patients in the intensive care unit of a
tertiary-care hospital were studied according to a protocol
approved by the Human Ethics Committee of St. Paul's
Hospital and the University of British Columbia. Consecu-
tive patients, who had pulmonary and systemic arterial cath-
eters inserted for clinical purposes, were studied if they had
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Table 1. Characteristics of 14 Patients Who Had Lactic Acidosis

Patient  Sex, Age  Diagnoses Inotropic Drugs Site of Infection Lactate  Creatinine  Outcome
¥ mumolsL AmolsL
1 M, 26 Chronic renal dopamine, Blood {gram-negative 2.5 672 Diied
failure, dobutamine, bacillus)
ischemic norepinephrine
bowel
2 F, 75 Pneumonia, dobutamine, Sputum 5.0 68 Died
ischemic epinephrine (Sraphylococcus
bowel aureus)
3 M, 75 Empyema dobutamine, Pleural fluid 5.7 206 Died
epinephrine, (Sraphylococcus
norepinephrine AUreus)
4 M, 35 Septic shock dopamine, Blood (Streptococcus 18 400 Died
epinephrine, PrEUTTOne )
norepinephrine
5 F, 63 Septic shock, dopamine, Blood (gram-negative 21 226 Died
cirrhosis epinephrine bacillus)
6 F, 63 Septic shock dopamine, Blood (Streprococcus 2.9 350 Died
dobutamine, preumaoniae)
epinephrine
7 F, 78 Hemicolectomy — dopamine, Peritoneum 4.4 123 Diied
dobutamine { Bacteroides
fragilis)
B M, 57 Prneumonia, dopamine, Sputum 6.5 g9 Survived
ethylene epinephrine (Sraphylococcus
Elycol Aureus, grame-
negative bacillus)
9 M, 37 Prneumonia dopamine, Lavage 14 180 Diied
dobutamine, { Prrenmocystis
epinephrine cartnif)
10 F, 82 Hypovolemic dopamine, Mo infection £.4 101 Died
shock dobutamine
11 M. &7 Septic shock, dopamine, Blood (gram-negative [ 93 Died
acute epinephrine bacillus)
myeloid
leukemia
12 M, 29 Prneumonin dopamine, Lavage 4.7 19 Dried
dobutamine, ({ Preurnocysitis
epinephrine CArIr)
13 M, 61 Cardiac arrest, dopamine, Mo infection 8 175 Dried
alcoholism dobutamine,
epinephrine
14 F, 34 Hypovolemic No inotropic Mo infection 4.5 124 Survived
shock drugs

metabolic acidesis (arterial bicarbonate < 17 mmol/L and
base excess = —10) and increased arterial lactate (= 2.5
mmol/L}. Arterial pH was not used az an inclusion criteri-
on because of the dependence of pH on Pacg; which is
affected by ventilator settings (19). All patients were being
mechanically ventilated, 13 were receiving infusions of dopa-
mine, dobutamine, epinephrine, or norepinephrine, or a
combination, and 11 had a proven site of infection (Table
1}). Eight patients had renal dysfunction (mean creatinine,
336 mmol/L; range, 175 to 672 mmol/L). The mean blood
lactate was 7.8 mmol/L (n = 14) and the mean baseline
Pappy was 32 mm Hg, reflecting hyperventilation.

Protocol

We rigorously attempted to avoid patient variability and
therefore studied all patients after their hemodynamic status
had stabilized. For the same reason, ventilator settings and
fluid infusion rates were kept constant during the 2-hour
study period, no new medications were administered, and
nursing interventions, particularly patient turning and endo-
tracheal suctioning, were minimized. Each patient received
sequentially both sodium bicarbonate (0.9 M, 2 mmaol kg
body weight, infused over 15 minutes via either a peripheral
or a central line) and sodium chloride (equal dose, volume,
and time) during the 2-hour study period. The infusion or-

der was randomized using cards in sealed envelopes, so that
7 patients received sodium bicarbonate first and 7 received
sodium chlonde first. An assistant was aware of the code
and labeled each infusion numerically. When each patient’s
study was completed the infusions were identified to allow
ongoing analysis. The infusions were identical in appearance
and the investigator, the patient’s nurse, and the patient
were all blind to solution identity. Because the patients were
all heavily sedated and mechanically ventilated they were
unaware of the crossover point between infusions. Because
the investigator was aware of the end tidal COy measure-
ments, however, he was no longer effectively blinded after
the infusions had started.

All measurements were done immediately before, immedi-
ately after, and 30 minutes after the first infusion. After a 20-
minute break the protocol was repeated with the second in-
fusion. Thus the total study duration for each patient was
less than 2 hours. This duration was chosen because it
proved to be the maximum time during which we could
avoid medical and nursing interventions and thus maintain
constant study conditions. Every patient was studied using
the same protocol with the same interval between infusions.
There were no dropouts.

We measured arterial and mixed venous blood gases (in-
cluding measured oxygen saturations}, arterial ionized calei-
um, and hemodynamics (Table 2). End tidal CO; (Eng-
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Table 2. Additional Hemodynamic and Blood Gas Variables of 14 Patients Who Had Lactic Acidosis®

Variable HCOy Infusion

MaCl Infusion

Before Immediately after

30 Minutes

Before Immediately after 30 Minutes after

after

Heart rate,
(beats min)

Central venous
pressure,
(mmHg)

Pulmonary
Artery pressure,
(mmHg)

Arterial oxygen
saturation,
{measured 95)

Mixed venous
oxygen satu-
ration, {mea-
sured 92)

End tidal CO;,
(mm Hg)

Oxygen delivery,
(mLsmin})

Oxygen
consumption,
(mLsmin)

111 £ 18 116 + 24

135S 15t6

wts 2%ts

92+ 6 91+ 6

69 + 10 69+ 11
2346 20 + &t

1067 + 574 1188 + 517

230 + 66 256 £ 72

112 + 20

13t46

nta

92+7

65 & 12

25 + ot

1023 £ 452

266 + 92

112 % 22 114 = 22 1 19

11te 15+ 7 13+6

wte ilts nt9

91+ 7 92+6 91 +7

68 1 10 69 + 10 68 11

22+s 22+6 22+t6

1036 + 485 1150 + 456 1055 =+ 509

234 + 64 261 £ 59 242 + 69

* All values are expressed as mean + 5D
P < 0.01 compared with values measured before HOO;,

strom Eliza, Bromma, Sweden) was monitored for patient
safety to provide an indicator of minute-to-minute changes
in Pagpy. Hemodynamics comprised mean arterial, pulmo-
nary artery, pulmonary capillary wedge and central venous
pressures, heart rate, and cardiac output using the thermodi-
lution technigque. All measurements were done at end expira-
tion. Cardiac output was measured in triplicate using 10-mL
injections of 59 dextrose at room temperature and a cardiac
output computer (Marguette Electronics Inc, Milwaukes,
Wisconsin). Oxygen delivery and oxygen consumption were
calculated using standard formulas (20). Plasma ionized
calcium was measured using an ICA 1 analyzer { Radiome-
ter, Copenhagen, Denmark) and was not corrected for pH.

Data Analysis

We tested the principal null hypotheses that there was no
difference between sodium bicarbonate and sodium chloride
infusions for cardiac output, mean arterial pressure, or ion-
ized calcium using a 2 = 2 crossover design with repeat
baseline measurements (21). The measurements after base-
line were done both immediately and 30 minutes after each
infusion. We also examined the other variables using the
same analysis. Because no statistically significant differences
in hemodynamics were observed between sodium bicarbon-
ate and sodium chloride, we tested the power of our data
(22} to detect a difference of 0.5 and 1.0 L/min between the
changes in cardiac output after sodium bicarbonate com-
pared with sodium chloride. These differences are 79 and
159, respectively, of the mean cardiac output measure-
ments (n = 14). We chose to test for a 159 change in car-
diac output because previous investigators have accepted
this change as clinically significant (23). We also chose to
test for a smaller change in cardiac output {79 ) because we
recognize that the change considered to be “clinically signifi-
cant” is dependent on clinical judgment.

Crossover designs with repeat baseline measurements dif-
fer from the more traditional crossover design whose weak-
nesses have been recently discussed (24). A 2 < 2 crossover
design with repeat baseline measurements has only two pos-
sible carryover effects, First, a difference in bascline mea-

surements can oceur, and second, the treatment effect may
be altered by treatment order. Kenward and Jones (21)
have described a method that has a high power to test for
carryover effects, In contrast, the method used to test for
carryover effects in a traditional crossover design has a low
power (24). Therefore, following the method of Kenward
and Jones, we tested for both types of carryover, In the event
that earryover was detected, only first-period data were
used. In addition, because some investigators hesitate to use
crossover analyses at all (24), we also tested for treatment
effect using all the first-period data only. In this analysis we
avoided any potential carryvover problems but lost some of
the statistical power of the crossover design. Finally, in or-
der to search for a benefit for bicarbonate in very acidemic
patients, we also separately examined the subgroup of seven
patients who had an initial pH of 7.20 or less. Crossover
study results are presented as estimates of the effect and with
956 confidence intervals (CI).

Results

There was no difference at any time between the ef-
fects of sodium bicarbonate and sodium chloride infu-
sions on cardiac output, blood pressure, or pulmonary
capillary wedge pressure (Figure 1). Immediately af-
ter both infusions pulmonary capillary wedge pressure
increased (15 to 17 mm Hg and 14 to 17 mm Hg; both
P = 0.001) and cardiac output increased (6.7 to 7.5
L/min and 6.6 to 7.3 L/min; both P < 0.01), whereas
mean arterial pressure and heart rate were unchanged.
The differences in effects between sodium bicarbonate
and sodium chloride at 30 minutes were 0.15 L/min
(Cl, —0.06 to 0.36) for cardiac output, —0.29 mm
Hg (Cl, —2.43 1o 1.85) for mean arterial pressure,
and 0.44 mm Hg (CI, —1.10 to 0.46) for pulmonary
capillary wedge pressure. None of these differences at
30 minutes was statistically significant.
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In this study, the dose of sodium bicarbonate used
(2 mmol/kg) was adequate to significantly improve
acidemia throughout the study period. After sodium
bicarbonate infusion, the mean arterial pH increased
from 7.22 to 7.36 (P < 0.001) and the mean serum
bicarbonate increased from 12 to 18 mmol/L
(P = 0.001). Both measurements then gradually de-
creased (Figure 1). At 30 minutes, however, both
were still increased compared with their baselines
(P < 0.001). Unlike our hemodynamic measure-
ments, the baseline measurements of serum bicarbon-
ate in the sodium bicarbonate and sodium chloride
groups were not identical. We therefore also present
the data by order of infusion (Figure 2) to demon-
strate that the hemodynamic effects were the same re-
gardless of the infusion order.

Bicarbonate decreased plasma ionized calcium
(Figure 3). Plasma ionized calcium was low in all pa-
tients at baseline (mean, 0.95 mmol/L; normal range
for our laboratory, 1.17 to 1.29 mmol/L). After sodi-
um bicarbonate infusion, plasma ionized calcium de-
creased further (to 0.87 mmol/L, P < 0.001) but
after sodium chloride infusion, it was unchanged. Bi-
carbonate increased Pacgy. During the sodium bicar-
bonate infusion, Pacp: increased from 33 to 39 mm
Hg (P < 0.001). End tidal CO; increased from 23 to
29 mm Hg (P < 0.001) over the same time and
peaked toward the end of the infusion. Arterial and
end tidal CO; then decreased, but both were still ele-
vated at 30 minutes. None of these changes were seen
after sodium chloride.

The power of our design to detect a difference in
cardiac output between sodium bicarbonate and sodi-
um chloride infusions was 99.9% to detect a difference
of 1.0 L/min, and over 90% to detect a difference of
0.5 L/min. When we examined the first period only
{no crossover), seven patients received sodium bicar-
bonate and seven received sodium chloride. The
conclusions are the same as in the larger study-no
difference was seen between sodium bicarbonate and
sodium chloride for any hemodynamic response. In
this more restricted analysis, the power was 95% to
detect a 1.0 L/min difference but less than 509 to
detect a 0.5 L/min difference.

Finally, we separately analyzed the seven most aci-
demic patients (arterial pH < 7.20; Figure 4). These
patients had a mean arterial pH of 7.13 (range, 6.9 1o
7.2) and a mean arterial lactate of 10.1 mmaol/L
(range, 2.6 to 21 mmol/L). Even in these patients,
however, although bicarbonate increased arterial pH
significantly (Figure 4, fef?), it did not increase cardi-
ac output or mean arterial pressure. The hemodynam-
ic responses (Figure 4, right) were the same as those
for the whole group.

Discussion

Our study shows that in critically ill patients who have
metabolic acidosis and increased blood lactate, correc-
tion of acidemia using sodium bicarbonate does not
increase cardiac output, blood pressure, or other he-
modynamic variables even when the arterial pH is less
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Figure 1. Influence of infusion order on
hemodynamic  measurements  before
{ Baseline) and after {Post) sodium bi-
carbonate and sodium chloride in 14 pa-
tients who had lactic acidosis. In each
case patients who received an infusion
first are represented with open circles
and those who received an infusion sec-
ond are represented with closed circles.
There were no changes in cardiac out-
put or blood pressure and the trends
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were the same regardless of infusion or.
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Baseline Post

than 7.20. Unexpectedly, we also found that sodium
bicarbonate infusion does not increase the cardiovas-
cular response to circulating catecholamines in these
patients. This study identifies two side effects of sodi-
um bicarbonate infusion that may explain its lack of
efficacy: Sodium bicarbonate decreases plasma ionized
calcium and increases Pagg,. Finally, this study sug-
gests that transient hemodynamic responses to sodium
bicarbonate infusion are not caused by increases in
pH, but instead are caused by the infusion of a hyper-
tonic, sodium-containing solution,

Many clinicians believe that correction of acidemia
using sodium bicarbonate is most likely to improve
hemodynamics in patients who have a very low pH,
and an arterial pH of 7.20 is often the point at which
sodium bicarbonate therapy is recommended (25, 26).
However, in our patients who had an arterial pH less
than 7.20, there was no difference between the hemo-
dynamic effects of sodium bicarbonate and sodium
chloride. Thus, it appears that even in very acidemic
patients, an increase in pH using sodium bicarbonate
does not improve hemodynamics.
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Figure 3. Changes in plasma ionized calcium after sodium bicarbonate
and sodium chloride in critically ill patients who have lactic acidosis
{n = 10). lonized calciom decreased after sodium bicarbonate but not
after sodium chloride infusion. All values are mean £ SE. Asterisk indi-
cates P < 0.001 compared with Pre.

" 30 min. post  Baseline Post

: 30 mI:'I. post

Because 13 of our 14 patients were receiving cate-
cholamine infusions, we were also able to examine the
hypothesis that correction of acidemia increases the
cardiovascular response to circulating catecholamines
(27, 28). We found that it did not. The notion that
acidemia decreases the cardiovascular response to cir-
culating catecholamines is widely held among clini-
cians and is based largely on animal models using
extremely severe acidosis (29). We measured no dif-
ference in the hemodynamic responses after sodium
bicarbonate and sodium chloride in our patients who
were receiving catecholamines, despite a large increase
in pH using sodium bicarbonate. Therefore, we con-
clude that in eritically ill patients who have lactic aci-
dosis, sodium bicarbonate infusion does not improve
the cardiovascular response to catecholamines.

Our study identifies two important side effects of
sodium bicarbonate therapy: decreased ionized calei-
um and increased Pacg:. Sodium bicarbonate may de-
crease ionized calcium by two mechanisms. First, an
increase in pH increases the binding between ionized
caleium and proteins and thereby decreases the physi-
ologically active, ionized fraction (16). Second, bi-
carbonate may directly complex calcium in vivo as it
does in vitro (16, 17). Although several investigators
{9, 10) have recently raised this issue as potentially
important in humans, we know of no data that have
been published on the effect of sodium bicarbonate
therapy on plasma ionized calcium in, either animals
or patients who have lactic acidosis. A decrease in
plasma ionized calcium in these patients may decrease
myocardial contractility as it did in a recent study
{18) in which myocardial contractility, measured
non-invasively in humans, decreased as plasma ionized
calcium decreased. In thar study plasma ionized calei-
um decreased by 24%%. Our patients’ mean plasma ion-
ized calcium at baseline was 209 below the normal
range for our laboratory. Sodium bicarbonate infusion
further decreased plasma ionized calcium by B.59%
(P = 0.001). Thus, we believe that the low ionized
calcium levels in our patients may have decreased
myocardial contractility, and we also suspect that so-
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dium bicarbonate administered to our patients before
the study may have contributed considerably to the
baseline plasma ionized calcium levels we observed. A
number of associations of ionized hypocalcemia in
eritically ill patients have been described (30, 31). Our
study identifies another cause—sodium bicarbonate
therapy-in critically ill patients who have lactic acido-
sis. The other important side effect of sodium bicar-
bonate infusion that we recognized in these mechani-
cally ventilated patients was hypercapnia, which may
also decrease myocardial contractility. We did not
measure intracellular pH in this study but an increase
in extracellular Py may decrease intracellular pH
and thus decrease myocardial cell function (6, 13, 14).

Our study also suggests that anecdotal reports (32)
of sodium bicarbonate improving hemodynamics dur-
ing acidosis may be explained by effects common to
both sodium bicarbonate and sodium chloride infu-
sions, and not to pH changes. The increase in extracel-
lular fluid osmolality and in sodium content can both
affect myocardial contractility (15). Furthermore, the
increase in intravascular volume after hypertonic solu-
tions may be much greater than the infused volume
owing to fluid shifis from the extravascular compart-
ment. Thus, increased preload may then increase car-
diac output. Our equimolar sodium chloride control
was received by all patients, and therefore we were
able to clearly separate the effects of increased pH
from these other factors. We found that all the chang-
es in hemodynamics that we observed were accounted
for by factors common to both solutions and not to
changes in pH,

T4

Arterial pH

T

il /N

10

73 I »

Our conclusions differ from previously published re-
ports that suggest a beneficial effect of sodium bicar-
bonate. There are three likely reasons for these differ-
ences. First, most previous studies have not been in
humans, and because large interspecies differences ex-
ist {33) these studies may not be directly extrapolated
to humans. A prospective, controlled human study has
not previously been reported. Second, most previous
studies did not examine endogenous lactic acidosis
{34, 35), and those studies that did examine endoge-
nous lactic acidosis used drugs and anesthetic agents
known to depress myocardial contractility (36, 37).
Finally, of those studies that have examined sodium
bicarbonate therapy, most have been unable to reach a
definitive conclusion about hemodynamics because of
difficulty increasing pH with the dose and regimen of
sodium bicarbonate used (36, 38).

We believe that our patients are typical of those
who currently receive sodium bicarbonate therapy in
many critical care settings. Our patients had severe
cardiac dysfunction. Despite high preload (mean pul-
monary capillary wedge pressure, 14 mm Hg), low
afterload (mean arterial pressure, 70 mm Hg), and
infusion of inotropic drugs in 13 patients, cardiac out-
put was only marginally above normal {mean, 6.7 L/
min, Figure 1). In contrast, a normal patient who had
no cardiac dysfunction but who had the same high
preload, low afterload, and inotrope infusions would
be expected to have a much greater cardiac output.
Cardiac dysfunction may have been caused by acide-
mia but there are other possible causes. Our patients
had a very high mortality (869, Table 1). However,
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the mean survival time of nonsurvivors after the study
was 48 hours. Therefore, although these patients were
all critically ill, had cardiac dysfunction, and had a
high mortality, they were stable at the time of the
study. It is exactly this type of patient who currently
receives sodium bicarbonate therapy in many different
critical care settings in North America today.

Correction of acidemia using sodium bicarbonate
infusion does not improve cardiac output, blood pres-
sure, or other hemodynamic variables in critically ill
patients who have lactic acidosis. Correction of acide-
mia also does not improve the cardiovascular response
to circulating catecholamines in these patients. Sodi-
um bicarbonate infusion decreases plasma ionized cal-
cium and increases Pacgg, and we speculate that these
side effects may override the beneficial effects that pH
correction may have on hemodynamics.
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