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Effects of Intravenous Hyperosmotic Sodium Bicarbonate on
Arterial and Cerebrospinal Fluid Acid-Base Status and
Cardiovascular Function in Calves with Experimentally Induced
Respiratory and Strong lon Acidosis

Joachim F. Berchtold, Peter D. Constable, Geoffrey W. Smith, Sheerin M. Mathur, Dawn E. Morin,
and William J. Tranquilli

The objectives of this study were to determine the effects of hyperosmotic sodium bicarbonate (HSB) administration on arterial
and cerebrospinal fluid (CSF) acid-base balance and cardiovascular function in calves with experimentally induced respiratory and
strong ion (metabolic) acidosis. Ten heathy male Holstein calves (30—47 kg body weight) were instrumented under halothane
anesthesia to permit cardiovascular monitoring and collection of blood samples and CSFE Respiratory acidosis was induced by
alowing the calves to spontaneously ventilate, and strong ion acidosis was subsequently induced by IV administration of L-lactic
acid. Calves were then randomly assigned to receive either HSB (8.4% NaHCO,; 5 mi/kg over 5 minutes, 1V; n = 5) or no
treatment (controls, n = 5) and monitored for 1 hour. Mixed respiratory and strong ion acidosis was accompanied by increased
heart rate, cardiac index, mean arterial pressure, cardiac contractility (maximal rate of change of left ventricular pressure), and
mean pulmonary artery pressure. Rapid administration of HSB immediately corrected the strong ion acidosis, transiently increased
arterial partial pressure of carbon dioxide (Pco,), and expanded the plasma volume. The transient increase in arterial Pco, did not
ater CSF Pco, or induce paradoxical CSF acidosis. Compared to untreated control calves, HSB-treated calves had higher cardiac
index and contractility and a faster rate of left ventricular relaxation for 1 hour after treatment, indicating that HSB administration
improved myocardia systolic function. We conclude that rapid |V administration of HSB provided an effective and safe method
for treating strong ion acidosis in normovolemic hal othane-anesthetized calves with experimentally induced respiratory and strong
ion acidosis. Fear of inducing paradoxical CSF acidosis is not a valid reason for withholding HSB administration in calves with

mixed respiratory and strong ion acidosis.

Key words. Metabolic acidosis, Paradoxical cerebrospina fluid acidosis; Strong ion difference.

M ixed respiratory and strong ion (metabolic) acidosis

is a common finding in calves with perinatal birth
asphyxia, > endotoxemia® or diarrhea and hypovole-
mia.’** Mild to moderate mixed respiratory and strong ion
acidosis is a normal physiologic event in newborn calves
that is triggered by impaired oxygen delivery to the fetus
during delivery and hypoxemia following rupture of the
umbilical cord.**> Uterine contractions and separation of
the fetal membranes during parturition decrease uterine per-
fusion and umbilical blood flow, subjecting the fetus to
hypoxia and hypercarbia.® Respiratory acidosis at birth can
be complicated by strong ion acidosis from anaerobic pro-
duction of L-lactate after severe and prolonged reduction of
fetal oxygen supply during dystocia at delivery.r Almost all
calves extracted with forced assistance, and depressed
calves delivered without assistance, suffer from mixed re-
spiratory and strong ion acidosis, with venous blood pH <
7.20 and increased blood L-lactate concentration.3#
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Sodium bicarbonate is the akalinizing agent of choice
for treating severe strong ion acidosisin calves.*>*¢ Sodium
bicarbonate more rapidly alkalinizes the blood compared to
metabolizable bases such as sodium L-lactate and sodium
acetate.’s” Most commercially available preparations of so-
dium bicarbonate solution are hyperosmotic, with a theo-
retical osmolality of 1,000 mOsm/L (4.2% hyperosmotic
sodium bicarbonate [HSB]) or 2,000 mOsm/L (8.4% HSB).
Although these 2 hyperosmotic formulations have been
widely used in Europe for the treatment of severe acidemia
in calves with or without diarrhea and dehydration,218 is-
osmotic 1.3% sodium bicarbonate solutions are currently
recommended for administration in neonatal calveswith di-
arrhea and dehydration in order to effectively expand the
extracellular fluid volume and increase blood pH.?141° |s-
osmoatic sodium bicarbonate also has been recommended
for the treatment of acidemiain newborn calves with mixed
respiratory and strong ion acidosis,® whereas others have
recommended the administration of 8.4% HSB at 1-2 mmol
NaHCO,/kg body weight administered as a slow bolus in-
jection.

Sodium bicarbonate is administered to prevent the det-
rimental effects of severe acidemia (blood pH < 7.20) on
the cardiovasular system, thereby improving cardiac con-
tractility and cardiac output (CO), and to provide buffer
anions to prevent further decreases in pH as a result of
ongoing acid production.?*?> However, the |V administra-
tion of sodium bicarbonate for the treatment of acidemia
caused by endogenous acids (L-lactate or ketoacid), and for
the treatment of mixed respiratory and strong ion acidosis,
remains controversial.'2-2 Potentially important adverse
effects of HSB administration include hypercarbia, which
is suspected to cause a paradoxical intracellular and cere-
brospinal fluid (CSF) acidosis,?*"%25 hypernatremia,?® and
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extracellular fluid hyperosmolality,?® hypocalcemia® hy-
pokalemia,? decreased oxygen delivery, intracranial or ce-
rebral hemorrhage due to abrupt changes in osmolality,?”2
and further exacerbation of lactic acidosis.?® The main ob-
jectives of this study were therefore to determine the safety
and efficacy of rapid IV administration of HSB for the treat-
ment of strong ion acidosis in calves with experimentally
induced respiratory and strong ion acidosis. We hypothe-
sized that rapid IV HSB administration would rapidly al-
kalinize the blood, improve cardiovascular function, and
not create paradoxical CSF acidosis in spontaneously
breathing anesthetized calves. A portion of this manuscript
has been previously published as an abstract.2

Materials and Methods
Calves

This study was approved by the Institutional Animal Care and Use
Committee. Ten colostrum-fed male Holstein-Friesian calves (30—47
kg body weight; 4-10 days old) were obtained from a loca source
and housed individually in stalls before instrumentation. The calves
had free access to freshwater and were fed an al milk-protein milk
replacer® (crude protein 22%, crude fat 20%, and crude fiber < 0.15%)
a 10% of body weight per day, divided into 2 feedings at 12-hour
intervals. The calves were acclimatized to their stalls and diet, and
determined to be healthy on the basis of physical examination findings.

I nstrumentation

Calves were held off feed for 12 hours and anesthesia was induced
by 1V administration of diazepam* (0.25 mg/kg), followed immediately
by ketamine? (4 mg/kg 1V). Calves were then orotracheally intubated,
placed in left lateral recumbency on a water-circulating heating pade,
and mechanically ventilated with 2.5% halothane in 100% O, by use
of a volume-cycled respirator. During instrumentation and baseline
measurements, tidal volume was set at 15 mL/kg and respiratory fre-
quency at 15 breaths/min. A respirometer? was placed in the ventila-
tory circle to measure total ventilation (minute volume). A base-apex
ECG was obtained to monitor heart rate (HR) and rhythm." The hair
over the right jugular groove, atlanto-occipital region, and the medial
region of the left hock was clipped and the sites were surgically
scrubbed for aseptic placement of intravascular and atlanto-occipital
catheters. A minor surgical cutdown was performed on the right jug-
ular groove to place catheters in the jugular vein and carotid artery.
A 90-cm 7-F thermodilution (Swan-Ganz) catheter’ was advanced until
the distal port was in the pulmonary artery and the proximal port was
in the right atrium. The Swan-Ganz catheter was connected to cali-
brated fluid-filled transducers) A 7-F high-fidelity catheter dual-tipped
pressure transducers was inserted in the right carotid artery and ad-
vanced so that the distal transducer was in the left ventricle and the
proximal transducer was in the ascending aorta for measurement of
left ventricular pressure and aortic pressure, respectively. Correct po-
sitions of cardiac catheters were assessed by monitoring the pressure
signals on a strip-chart recorder." A 22-gauge IV catheter was placed
in the left saphenous artery for collecting arterial blood and monitoring
arterial blood pressure, and a similar catheter was placed in the left
saphenous vein for IV administration of fluids (0.9% NaCl at 4 mL/
kg/h) during instrumentation. A 20-gauge spinal catheter was placed
in the atlanto-occipital space for collection of CSF Successful place-
ment of the atlanto-occipital catheter was assessed when CSF flowed
from the catheter without blood contamination after removing the sty-
let. When instrumentation was completed, anesthesia was maintained
with an end-tidal halothane concentration of 1.04%, which was equiv-
alent to 1.3 times the minimum alveolar concentration.® This anes-
thetic depth was selected to minimize the cardiovascular depressive
effects of halothane.
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Fig 1. Arteria blood partial pressure of carbon dioxide (Pco,) and
pH in halothane-anesthetized, normovolemic, neonatal calves at base-
line (B, time = —60 minutes) and after experimentally induced re-
spiratory acidosis (RA, time = —30 minutes) and mixed respiratory
acidosis and strong ion acidosis (RA/SIA, time = 0 minutes). At time
= 0 minutes, calves were randomly assigned to receive hyperosmotic
sodium bicarbonate (HSB, 8.4% sodium bicarbonate; 5 mL/kg over 5
minutes, 1V; n = 5, hatched rectangle) or no treatment (CONTROL,
n = 5) and monitored for 1 hour. b, significantly different (P < .05)
from baseline value; r, significantly different (P < .05) from RA value;
T, significantly different (P < .05) from time = 0 minutes value; 1,
significantly different (P < .05) from CONTROL at the same time.
Values are mean + SD; the SD value is smaller than the symbol radius
in individual time points with no apparent SD bars.

Experimental Protocol

Calves were monitored for 30 minutes after instrumentation to en-
sure hemodynamic stability. 1V 0.9% NaCl administration was dis-
continued and baseline hemodynamic values were obtained. Respira-
tory acidosis was induced by disconnecting the endotracheal tube from
the ventilator and allowing the calf to breathe spontaneously for 30
minutes. The ventilator was not reconnected at the end of this 30-
minute period, meaning that respiratory acidosis was sustained for the
remainder of the study. Light to moderate halothane anesthesia in
spontaneously breathing, laterally recumbent calves has been shown
to induce a marked respiratory acidosis at 1.0-1.5 times the minimal
aveolar concentration.® Concurrent respiratory and strong ion aci-
dosis was then induced by IV administration of 300 mM L-lactic acid
solution' at a rate of 3 mL/kg over 30 minutes. This dosage protocol
was adapted from studies describing experimentally induced mixed
respiratory and strong ion acidosis in calves3! Calves were then ran-
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Fig 2. Cerebrospinal fluid (CSF) partial pressure of carbon dioxide
(Pco,) and pH in halothane-anesthetized, normovolemic, neonatal
calves at baseline (B, time = —60 minutes) and after experimentally
induced respiratory acidosis (RA, time = —30 minutes) and mixed
respiratory acidosis and strong ion acidosis (RA/SIA, time = 0 min-
utes). At time = 0 minutes, calves were randomly assigned to receive
hyperosmotic sodium bicarbonate (HSB, 8.4% sodium bicarbonate; 5
mL/kg over 5 minutes, IV; n = 5, hatched rectangle) or no treatment
(CONTROL, n = 5) and monitored for 1 hour. b, significantly different
(P < .05) from baseline value; r, significantly different (P < .05) from
RA value; 1, significantly different (P < .05) from time = 0 minutes
value; v, significantly different (P < .05) from CONTROL at the same
time. Values are mean = SD; the SD value is smaller than the symbol
radius in individual time points with no apparent SD bars.

domly assigned to 1 of 2 groups (5 calves/group). Calves in the control
group (group C) received no treatment. Calves in the treatment group
(group HSB) received 5 mL/kg of 8.4% sodium bicarbonate solution
through the saphenous vein catheter at a rate of 1 mL/min/kg (total
treatment time of 5 minutes). The 8.4% sodium bicarbonate solution
had a calculated osmolality of 2,000 mOsm/kg.

HR, respiratory rate (RR), mean aortic pressure (MAP), arteria
pulse pressure, maximal rate of change of left ventricular pressure (LV
dP/dt,.,), left ventricular end-diastolic pressure (LVEDP), rate of left
ventricular relaxation (tau), minimal rate of change of left ventricular
pressure (dP/dt,;,), mean pulmonary artery pressure (MPAP), mean
central venous pressure (CVP), and minute volume were measured at
baseline (time baseline), after induction of respiratory acidosis (time
RA), after induction of respiratory and strong ion acidosis (time RA/
SIA), and 3, 5, 10, 15, 20, 30, 45, and 60 minutes after the start of
IV administration of HSB solution or an equivalent time point in con-
trol calves. CO measurements were obtained at 10, 15, 30, 45, and 60

minutes after the start of 1V administration of HSB solution or equiv-
alent time point in control calves.

Arterial blood and CSF (1 mL) were collected anaerobically into a
3-mL heparinized plastic syringe for blood gas analysis and determi-
nation of acid-base status at 5, 15, 30, 45, and 60 minutes after the
start of 1V administration of HSB solution or an equivalent time point
in control calves. Samples for blood gas analysis were kept at 4°C and
analyzed™ within 2 hours. This sampling and storage procedure was
selected because storage of heparinized blood in 3-mL plastic syringes
on ice causes a smaller change in pH and partial pressure of carbon
dioxide (Pco,) over 6 hours than does storage in glass syringes.®

Pulmonary artery blood was collected from the distal port of the
Swan-Ganz catheter for determination of blood L-lactate concentration
after deproteinization in 8% perchloric acid.

After obtaining the samples and measurements at time = 60 min-
utes, calves were euthanized by administering sodium pentobarbital
(108 mg/kg 1V).

Cardiovascular Measurements

CO was measured by the thermodilution technique with the aid of
a CO computer." Five milliliters of ice-cold 5% dextrose solution was
injected rapidly into the proximal port of the Swan-Ganz catheter for
CO mesasurement, and the mean value of 3 determinations was used
as the experimental value for each period. Stroke volume (SV) was
calculated from simultaneously determined HR and CO values, and
CO and SV were indexed to body weight. Left ventricular pressure
was digitized at 500 Hz by a 12-bit microcomputer system, and data
were stored on a hard disk for subsequent analysis by commercially
available® and custom-designed software (used to calculate ventricular
relaxation indices). LVEDP was defined as the ventricular pressure at
the start of the r wave of the QRS complex, which usually has an rS
morphology on the base-apex lead system. LV dP/dt,, and dP/dt,,,
were determined by using a 3-point Lagrangian interpolation on dig-
itized pressure data®® Tau was caculated as relaxation half-time.
MAR MPAR and CV P measurements were recorded on a multichannel
strip-chart recorder,” and al pressure recordings were referenced to the
center of the thorax. Mean aortic pulse pressure was the difference
between mean systolic and diastolic aortic pressures. Systemic vas-
cular resistance (SVR) was caculated as SVR = (MAP — CVP) X
80/CO, and pulmonary vascular resistance (PVR) was caculated as
PVR = (MPAP — LVEDP) X 80/CO.

Determination of pH, Gas Tension, and Electrolyte
Concentrations in Blood and CSF

A blood gas analyzer™ was used for determination of pH, Pco,, and
partial pressure of oxygen (Po,) in arterial blood and CSF samples,
and measurements were corrected for blood temperature by using stan-
dard algorithms.®* Arterial and CSF bicarbonate concentrations
[HCO,"] were calculated from the temperature-corrected values for
pH and Pco, by using the Henderson-Hasselbalch equation and tem-
perature-adjusted values for the negative logarithm of dissociation con-
stant of acid (pK,) and solubility of carbonic acid for plasma* and
CSFE3* Blood hemoglobin concentration and plasma concentrations of
sodium, potassium, calcium, and chloride were measured by using ion-
selective electrodes.™? Blood lactate concentrations were determined
by using a spectrophotometric technique® and L-lactate dehydroge-
nase.Y Hematocrit and plasma protein (PP) concentration were deter-
mined from the blood used for blood gas analysis by the microhe-
matocrit technique and refractometry, respectively. Changes in plasma
volume (APV) were calculated as APV = (PP, ine — PP) X 100/PP,
where PP, is the plasma protein concentration at time t.3” Total blood
O, content was calculated to be 1.39 mL of O,/g of hemoglobin plus
dissolved O, equal to 0.3 volume %/100 mm Hg. Systemic O, delivery
was calculated as the product of arterial O, content and CO and nor-
malized to body weight.
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Statistical Analysis

Data were expressed as mean = SD and a P value < .05 was
considered significant. Two-way analysis of variance (treatment, time)
with repeated measures on one factor (time) was used for comparison
of normally distributed data. Non—normally distributed data were log
transformed or ranked before analysis. Appropriate post tests were
conducted whenever the F test was significant (P < .05). Multiple
pairwise comparisons were conducted between or within treatment
groups by using the Bonferroni inequality to keep the experimentwise
error rate at P < .05 for each group of comparisons. Within-group
comparisons were made to baseline values for respiratory acidosis
(time RA) and strong ion acidosis (time RA/SIA). Additional post-
treatment comparisons were made within groups to the value before
treatment was initiated (time RA/SIA). Between-group comparisons
were made at each time interval. A statistical software program was
used for all analyses:”

Results
Baseline

The pH, Po,, and [HCO,~] were lower in CSF than in
arterial blood (Figs 1, 2; Tables 1, 2), whereas Pco, was
similar in CSF and arterial blood. Sodium concentration
was higher and potassium and calcium concentrations were
lower in CSF than in plasma.

Respiratory Acidosis

Thirty minutes of spontaneous ventilation under halo-
thane anesthesia successfully induced acidemia and respi-
ratory acidosis, based on the increase in arterial Pco, and
decrease in arterial pH, with a small decrease in arterial
base excess that was significant only in the HSB group (Fig
1; Table 1). CSF Pco, and pH changed similarly to arterial
plasma, but to a comparatively smaller extent (Fig 2).

Respiratory acidosis was accompanied by a marked in-
crease in HR, cardiac index, mean arteria pressure, and
cardiac contractility (LV dP/dt,..) (Fig 3), asmall increase
in MPAP and oxygen delivery, and a decrease in the rate
of left ventricular relaxation (Table 3). These cardiovascular
changes were consistent with sympathetic nervous system
activation.

Mixed Respiratory and Strong lon Acidosis

Intravenous administration of 300 mM L-lactic acid so-
lution successfully induced strong ion acidosis, based on an
increased blood L-lactate concentration and a decreased ar-
terial pH, base excess, plasma [HCO, ], and serum [Cl],
with no change in Pco, (Fig 1; Table 1). CSF Pco, was
mildly increased and CSF pH was mildly decreased after
administration of L-lactic acid; this most likely reflected
continued equilibration of increased arterial Pco, with the
CSF (Fig 2). CSF base excess did not change, indicating
that 1V administration of L-lactic acid rapidly produced
strong ion acidosis in blood, but not in the CSF (Table 2).

Superimposition of strong ion acidosis on the experi-
mentally induced respiratory acidosis was associated with
a marked increase in MPAP and pulmonary vascular resis-
tance, and a smaller increase in mean arterial pressure and
minute volume (Tables 1, 3).

Administration of 8.4% Sodium Bicarbonate

Intravenous administration of HSB to calves with mixed
respiratory and strong ion acidosis caused an immediate
and sustained (>60 minutes) increase in arterial pH, base
excess, and [HCO, ], and a small transient (<15 minutes)
increase in mean Pco, from 81 to 93 mm Hg, with no
change in RR or minute volume (Fig 1; Table 1). Thisin-
dicated that HSB rapidly corrected the strong ion acidosis
and created a strong ion akalosis, while mildly and tran-
siently increasing the severity of the respiratory acidosis.
Administration of HSB did not immediately alter CSF pH,
base excess, Pco,, [HCO, ], or [CI7], but gradudly in-
creased CSF base excess and [HCO,™] that was significant
by 30 and 60 minutes after administration (Fig 2; Table 2).
CSF electrolyte concentrations were unchanged in control
calves except for agradua decrease in CSF [Cl-], and only
minor changes were present in CSF electrolyte concentra-
tions of calves after HSB administration.

Administration of HSB caused an immediate and sus-
tained plasma volume expansion, increase in plasma sodi-
um concentration, and decrease in plasma potassium con-
centration, hematocrit, hemoglobin, and plasma protein
concentration (Fig 3; Table 1). Plasma volume expansion
in HSB-treated calves was evidenced by calculating the per-
cent change in plasma volume from baseline, and the mag-
nitude and direction of change in hematocrit, hemoglobin
concentration, and plasma protein concentration. The rapid
IV administration of HSB immediately increased cardiac
index, stroke index, mean LVEDR, mean CVR and oxygen
delivery, and decreased MAP and SVR (Fig 3; Table 3).
Cardiac contractility (as assessed by LV dP/dt,,,) after HSB
administration was greater than that in the control calves at
time = 10, 30, and 60 minutes. Cardiac arrhythmias were
not observed in HSB-treated calves. Taken together, these
changes indicate that HSB rapidly increased preload and
transiently decreased afterload, with the net result being an
immediate increase in CO and oxygen delivery.

MPAP and PVR gradually decreased in both groups over
60 minutes (Table 3), associated with the decrease in blood
L-lactate concentration (Table 1). Compared to control
calves, HSB-treated calves had higher cardiac index and
contractility (as assessed by LV dP/dt,.; Fig 3), lower
LVEDR and a faster rate of ventricular relaxation, indicat-
ing that HSB administration improved myocardial systolic
function.

Discussion

The main findings of this study were that rapid IV ad-
ministration of HSB (5 mmol/kg at 1 mmol/kg/min) in nor-
movolemic, spontaneously breathing, halothane-anesthe-
tized calves with experimentally induced respiratory and
strong ion acidosis provided a safe and effective method
for systemic alkalinization without changing CSF pH. Ad-
ministration of HSB caused a transient but nonsignificant
increase in mean arterial Pco, from 81 to 93 mm Hg at 5
minutes after treatment, but paradoxical CSF acidosis was
not induced.

A comparison of the acid-base status of arterial blood
and CSF at baseline indicated similar values for Pco, but
numerically lower values for pH and [HCO,"] in CSE Our
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Table 1. Respiratory rate, minute volume, and arterial blood gas and acid-base status in neonatal calves with experi-
mentally induced respiratory acidosis (RA), mixed respiratory acidosis and strong ion acidosis (RA/SIA), and response to
no treatment (C) or treatment with 1V hypertonic sodium bicarbonate solution (HSB). Values are mean = SD.

Time (minutes) after start of treatment

Variable Baseline RA RA/SIA 3 5 10 15
Respiratory rate (breaths/min)

C 15+0 49 + 13 52 + 11= 50 + 13 55 + 8 51 + 14 49 + 13

HSB 15+0 52 + 6° 56 + 72 52 + 6 52 + 7 53+ 7 52 = 6
Minute volume (L/min)

C 70+ 04 95 * 0.8 115 + 2.3 10.7 = 1.6 111 + 1.0 11.2 = 0.9 107 £ 1.2

HSB 6.9 + 23 83 £ 2.3 10.6 + 3.12d 9.0 £ 2.5°¢ 10.3 + 35 96 = 2.7° 102 = 2.8
Blood Po, (mm Hg)

C 379 + 94 274 = 692 286 = 572 ND 304 + 67 ND 298 + 36

HSB 354 + 132 251 + 867 236 = 83* ND 297 + 118 ND 376 = 24
Plasma [HCO,"] (mmol/L)

C 27 + 2 29 + 1o 23 + 2ad ND 25 + 1° ND 27 = 1°

HSB 27+ 1 28+ 1 23 + 1ad ND 37 & 1be ND 34 & Ibe
Base excess (mEg/L)

C 51+ 27 40 = 0.9 —34 = 2.1 ND -06 = 16° ND 16 + 0.6°

HSB 50+ 21 31+ 13 =34 + 2.2 ND 135 + 2.0°° ND 10.8 + 0.1°¢
Plasma [Na'] (mEg/L)

C 134 + 4 137 =1 135+ 3 ND 135+ 2 ND 134+ 4

HSB 135+ 7 140 = 9» 133 = 8¢ ND 141 + 7be ND 144 =+ 10r°
Plasma [K*] (mEg/L)

C 38+ 07 39*07 37=*=05 ND 37x04 ND 42 = 0.2

HSB 40+ 03 41+ 02 41 + 0.2 ND 3503 ND 34 = 06°
Plasma [Ca2*] (mEQ/L)

C 31+ 04 34+ 06 36 =10 ND 34+ 06 ND 3706

HSB 36+ 04 36 =05 39+ 04 ND 3403 ND 3703
Serum [CI-] (mEg/L)

C 101.0 + 14 101.2 = 1.6 96.8 + 4.3 ND 973 = 28 ND ND

HSB 102.2 = 0.8 1036 = 1.3 984 + 0.9 ND 100.0 + 2.0 ND ND
Blood L-lactate concentration (mmol/L)

Cc 1.0 £ 03 05=* 05 52 * 1.0~ ND 3.9 £ 1.22bd ND ND

HSB 12 +10 09 *= 06 53 *= 0.9 ND 3.3 £ 0.72bd ND ND
Hematocrit (%)

Cc 34 +6 347 36 =7 ND BH+x7 ND 34+0

HSB 31 + 5 32 +4 32 * 4 ND 27 + 2ve ND 27 = 2be
[Plasma protein] (g/dL)

Cc 50+ 04 49 = 05 49 = 05 ND 49 = 05 ND 44 = 0.0

HSB 49 = 05 49 = 04 48 = 05 ND 4.2 = 0.50¢ ND 4.2 = 04pc
Blood [hemoglobin] (g/dL)

C 98 + 1.7 10.0 = 2.0 10.0 = 1.6 ND 99+ 18 ND 9.7 = 06

HSB 84 = 0.8° 84 * 0.6° 85+ 0.9° ND 8.1 + 1.2°¢ ND 8.1 * 1.0°¢

Po,, partia pressure of oxygen; ND, not determined.
aSignificantly different (P < .05) from baseline value.
b Significantly different (P < .05) from RA/SIA value.

¢ Significantly different (P < .05) from value for group C calves at same time.

d Significantly different (P < .05) from RA value.

observation that CSF pH was lower than arterial blood pH
is in agreement with previous studies in calves,®® neonatal
foals,® and adult horses,* and was attributed to a low CSF
strong ion difference. The mean difference between
[HCO,] in arterial blood and CSF at baseline was approx-

imately 5 mmol/L; this was also in agreement with previous
findings in conscious calves,® but the difference was great-
er than in equine neonates® and most mammalian species.

Marked respiratory acidosis was successfully induced af-
ter 30 minutes of halothane anesthesia, as indicated by a
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Table 1. Extended.

Time (minutes) after start of treatment

20 30 45 60

47 = 12 49 = 12 47 = 13° 45 = 10°

52 * 6° 56 + & 52 £ &5° 54 * 6°
104 = 14 9.6 = 1L.7° 9.7 £ 25° 9.1 £ 25°
92 * 2.9 99 + 3.7 86+ 2.9 89 x 3.0°
ND 307 = 136 ND 309 = 89
ND 325 + 104 ND 307 = 123
ND 27 = 1° ND 29 = 1°
ND 35 * 2vc ND 35 + 2bc
ND 18 = 1.2° ND 32 14
ND 11.0 = 2.5°¢ ND 111 *= 2.2°¢
ND 135 = 3 ND 135+ 4
ND 141 + 6°c ND 140 + 7°c
ND 38 =04 ND 3.7=*=05
ND 36 03 ND 36 0.2
ND 36 =05 ND 3704
ND 38 + 0.7 ND 37 +02
ND 995 = 2.6 ND 995 = 5.1
ND 995 = 1.3 ND 995 + 25
ND 17 = 0.6° ND 04 = 0.5
ND 15+ 04° ND 1.0 = 0.4°
ND 34 x5 ND 36 =8
ND 28 + 1°c ND 28 * 1bc
ND 4.8 = 0.5 ND 48 = 0.5
ND 4.7 £ 0.4pc ND 4.7 + 0.5°¢
ND 100 = 1.8 ND 10.1 = 1.8
ND 8.0 * 0.6° ND 8.3 * 0.4°

doubling in arterial Pco,. This response was similar to that
observed in a previous study in calves.* Baseline arterial
blood Pco, and CSF Pco, were similar in the study re-
ported here; however, after induction of respiratory acido-
sis, the mean increase in Pco, in CSF was approximately
10 mm Hg smaller than that measured in arterial blood.
This finding indicated that equilibration of CO, between
arteria blood and CSF had not occurred by 30 minutes of
halothane-induced respiratory acidosis. Equilibration was

essentially complete by 60-120 minutes, as indicated by
similar mean values for arterial blood and CSF Pco, in
control calves. Similar results were found in neonatal foas
with experimentally induced respiratory acidosis; CSF Pco,
was maximally increased after 75 minutes of hypercarbia.®
These results are consistent with a CSF turnover rate of 1%
per minute,** and demonstrate that acute changes in blood
Pco, lead to a delayed, but ultimately similar, change in
CSF Pco,. In other words, even if rapid HSB administration
caused an immediate increase in arterial blood Pco, as a
result of buffering of plasma organic acids, the slow turn-
over of CSF ensures that a much slower increase in CSF
Pco, will always result.

Spontaneous ventilation under halothane anesthesia re-
sulted in hypercarbia, tachypnea, and increased minute vol-
ume. This response has been attributed to ventilation-per-
fusion mismatch secondary to atelectasis in the dependent
lung lobes,® athough it is likely that halothane anesthesia
also obtunds the respiratory center response to increased
Pco,. Hypercarbia stimulates the sympathetic nervous sys-
tem, thereby increasing HR, cardiac contractility, and
CO.%24 |n the study reported here, we observed a progres-
sive improvement in cardiovascular performance after in-
duction of respiratory acidosis, as indicated by an increased
HR, cardiac contractility (LV dP/dt,,,), cardiac index, mean
arterial blood pressure, and oxygen delivery, and a de-
creased rate of left ventricular relaxation (tau).

Intravenous administration of 300 mM L-lactic acid so-
lution to calves with induced respiratory acidosis produced
a strong ion acidosis in arterial blood, but not in CSE This
result indicated slow diffusion of L-lactate into CSF or rapid
metabolism of L-lactate by cells in the central nervous sys-
tem. The movement of lactate across the blood-brain barrier
has 2 components, a saturable, stereospecific component for
L-lactate, and a nonsaturable, nonstereospecific diffusiona
component for p-lactate.*** When organic acids accumu-
late in blood as in lactic acidosis, L-lactate diffuses from
blood into CSF but penetration is slow, with CSF L-lactate
concentration being 60% of the blood L-lactate concentra-
tion by 6 hours after a rapid increase in blood L-lactate
concentration in rats.** Because CSF base excess did not
change in the study reported here, and because blood L-
lactate concentration rapidly decreased after administration,
we suspect that CSF L-lactate concentration did not increase
after IV administration of L-lactate.

Intravenous administration of L-lactic acid was success-
ful in inducing acute lactic acidosis, which has been defined
as a state where arterial L-lactate concentration exceeds 5
mmol/L.?? Superimposition of a strong ion acidosis on the
experimentally induced respiratory acidosis was associated
with a marked increase in MPAP and pulmonary vascular
resistance, and a smaller increase in mean arterial pressure
and minute volume. The L-lactate-induced pulmonary hy-
pertension was an interesting finding and raises the intrigu-
ing possibility that hyper-L-lactatemia may influence the se-
verity of the pulmonary hypertension induced by high-in-
tensity exercise.®

HSB was effective at increasing arterial blood pH to
above 7.20 but not to within the reference range because
of continued respiratory acidosis. Systemic akalinization
occurs after HSB administration because essentialy all of
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Table 2. Cerebrospina fluid (CSF) acid-base status and electrolyte concentrations in neonatal calves with experimentally
induced respiratory acidosis (RA), mixed respiratory and strong ion acidosis (RA/SIA), and response to no treatment (C)
or treatment with IV hypertonic sodium bicarbonate solution (HSB). Values are mean + SD.

Time (minutes) after start of treatment

Variable Baseline RA RA/SIA 3 5 10 15 20 30 45 60
CSF Po, (mm Hg)
C 141 = 36 156 = 34 169 * 40 ND 183+39 ND 176 * 32 ND 208 + 49 ND 203 + 52
HSB 141 = 42 166 * 56 157 = 28 ND 205 +43 ND 245+ 73 ND 221 + 87 ND 194 + 68
CSF [HCO,"] (mmol/L)
C 23+ 1 25 + 12 26 = 1= ND 26+ 1 ND 26+ 1 ND 26+ 1 ND 28 = 1°
HSB 23+ 1 24 + 1o 25 + 1o ND 26 + 2 ND 27 + 2 ND 27 + 2¢ ND 29 + 2cd
CSF base excess (mEg/L)
C -07+19 -10=*19 -04 = 13 ND -02*11 ND -06=*x01 ND 0310 ND 12+ 1.2
HSB -12+08 -19=*10 -09 = 08 ND 00*+x22 ND -09*20 ND 08 =25 ND 2.7 £ 2.2°¢
CSF [Na'] (mEg/L)
C 144 = 3 145+ 5 143+ 3 ND 144 2 ND 142*0 ND 143 2 ND 142 =3
HSB 142 = 7 148 + 1ad 145+ 9 ND 147+9 ND 145=*9 ND 144 9 ND 143+ 8
CSF [K*] (mEg/L)
C 22+ 02 2303 24 022 ND 24+01 ND 2401 ND 2401 ND 24+ 01
HSB 22+ 01 2302 2302 ND 24 +03 ND 26 = 0.2¢¢ ND 26 = 0.1°¢ ND 26 = 0.1°
CSF [C&*] (mEg/L)
C 18 + 05 26 = 0.4 2304 ND 2304 ND 22+ 06 ND 2304 ND 26+ 04
HSB 20+ 03 19 + 0.7¢ 18+ 07 ND 19+09 ND 28 £ 05° ND 27 =07¢ ND 28 = 0.8
CSF [C1] (mEg/L)
C 1148 + 40 1113+ 05 1104 *13 ND 1092 =25 ND ND ND 107.0 = 3.3* ND 105.8 + 3.8*
HSB 116 *+25 1134 +36 1092 +31 ND 1123+ 47 ND ND ND 1005 + 31 ND 1103 * 3.3

ND, not determined.

aSignificantly different (P < .05) from baseline value.
b Significantly different (P < .05) from RA value.

¢ Significantly different (P < .05) from RA/SIA value.

d Significantly different (P < .05) from value for group C calves at same time.

the infused bicarbonate is exhaled as CO.,.#4” The net result
of sodium bicarbonate administration is therefore an in-
crease in plasma strong ion difference (SID) and blood pH,
because pH is dependent on Pco,, SID, and the concentra-
tion of nonvolatile buffers in plasma, such as abumin,
globulin, and phosphate.*3#¢

Our main interest in conducting this study was to eval-
uate the safety and efficacy of HSB administration in spon-
taneously breathing calves with mixed respiratory and
strong ion acidosis. The 1V administration of sodium bi-
carbonate at different tonicities and doses has increased ar-
terial and venous blood Pco, in newborn calves with birth
acidosis>?°4 This observation lead to speculation that a
rapid increase in Pco, after bolus administration of HSB
could result in paradoxical intracellular and CSF acidosis,?
because CO, generated from the buffer reaction can rapidly
diffuse across cell membranes and the blood-brain barrier
to increase intracellular and CSF Pco,. Although paradox-
ical CSF acidosis has been described in humans,? the po-
tential for sodium bicarbonate to induce paradoxical intra-
cellular and CSF acidosis in adequately ventilated animals
has been questioned.* The results of the study reported here
show, for the first time, that the rapid administration of HSB
does not cause a clinically or statistically significant in-

crease in Pco, and pH in CSF, and therefore does not in-
duce paradoxical CSF acidosis during light levels of halo-
thane anesthesia. Interestingly, the rapid decline in arterial
Pco, after bolus administration of HSB in the calvesin the
study reported here was not due to an increased minute
volume (Table 1), because HSB administration slightly de-
creased minute volume when compared to that for calves
with respiratory and strong ion acidosis. This result sug-
gests that hal othane anesthesia obtunded the central nervous
system response to hypercarbia, or that minute volume in-
creases in response to increased Pco, or decreased pH. In
the latter case, the increase in pH after HSB administration
would be expected to ameliorate the effect of decreased pH
on minute volume.

Our results agree with those obtained in a randomized
blinded clinical study in newborn calves.? This study com-
pared bolus administration of 60 mL of 8.4% sodium bi-
carbonate directly after birth, followed by a 2nd 40-mL
bolus 10 minutes later, with the same dosage protocol of
0.9% NaCl solution® (for comparison, the calves in our
study received 150-235 mL of 8.4% sodium bicarbonate
over 5 minutes). The calves were full term and were clas-
sified as vigorous (n = 11; pH > 7.20), depressed (n =
15; pH = 7.19-7.00), or comatose (n = 4; pH < 7.00)
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Fig 3. Change in plasma volume from baseline (%) and maximal
rate of change of left ventricular pressure (LV dP/dt,,,) in halothane-
anesthetized, normovolemic, neonatal calves at baseline (B, time =
—60 minutes) and after experimentally induced respiratory acidosis
(RA, time = —30 minutes) and mixed respiratory acidosis and strong
ion acidosis (RA/SIA, time = 0 minutes). At time = 0 minutes, calves
were randomly assigned to receive hyperosmotic sodium bicarbonate
(HSB, 8.4% sodium bicarbonate; 5 mL/kg over 5 minutes, IV; n = 5,
hatched rectangle) or no treatment (CONTROL, n = 5) and monitored
for 1 hour. b, significantly different (P < .05) from baseline value; r,
significantly different (P < .05) from RA value; T, significantly dif-
ferent (P < .05) from time = 0 minutes value; |, significantly different
(P < .05) from CONTROL at the same time. Values are mean = SD;
the SD value is smaller than the symbol radius in individua time
points with no apparent SD bars.

based on jugular venous blood gas analysis. Jugular venous
Pco, was transiently (<5 minutes) increased in the 3
groups after treatment with HSB.2° The rapid decline in
venous Pco, after bolus administration of HSB was attri-
buted to the clinical impression of an increased tidal volume
after HSB administration, although this was not measured.
All calves treated with HSB survived.?

Our results also agree with those obtained when using a
hypoxic lactic acidosis model in neonatal rabbits™ and a
cardiac arrest model in dogs under cardiopulmonary bypass
with respiratory and metabolic acidosis.®? Neither study ob-
served the development of paradoxical CSF acidosis after
administration of sodium bicarbonate at 10 mmol/kg®* and
approximately 4 mmol/kg.®? The results of the study re-

ported here are also in agreement with previous findings on
the effects of HSB administration in a canine model of
cardiac arrest.®® Dogs in that study received 1 mmol/kg
without a significant change of CSF pH and CSF Pco, de-
spite significant increase of plasma Pco,.>* CSF Pco, and
pH were not altered in conscious horses after the IV ad-
ministration of 5% sodium bicarbonate solution (5 mil/kg
body weight over 30 minutes).>* Taken together, the results
of our study and a number of other studies indicate that the
rapid administration of sodium bicarbonate does not induce
paradoxical CSF acidosis in spontaneously ventilating nor-
movolemic animals. In fact, it appears that paradoxical CSF
acidosis after sodium bicarbonate administration only oc-
curs when ventilation cannot increase in response to an in-
creased Pco,.232455

The dosage of HSB in the study reported here was 5
mmol/kg at a dose rate of 1 mmol/kg/min. This dose was
selected to assist in comparison to studies administering
hypertonic saline (7.2% NaCl; 4.8 mmol/kg at a dose rate
of 1.2 mmol/kg/min) to neonatal calves.®735:5 The dosage
was similar to the recommended dosage of 5-7 mmol/kg
to calves with birth acidosis, administered as an isosmotic
1.3% sodium bicarbonate solution.® A recent study used 2
infusions of 60 and 40 mL of HSB at 1 minute and 10
minutes after delivery. Another previous study in calves
with birth acidosis used 3 mmol/kg administered within 1—
3 minutes.*®

This appears to be the first study to document the car-
diovascular effects of HSB administration in calves during
anesthesia. A recent study evaluated the cardiovascular ef-
fects of infusing 5, 10, or 15 mL/kg of isoosmotic sodium
bicarbonate over 30 minutes in conscious calves with nor-
mal acid-base status.>® Administration of isoosmotic sodium
bicarbonate solutions did not significantly alter hemody-
namic variables or plasma oncotic pressure in that study.*®
For comparison, the results of this study in calves with
respiratory and strong ion acidosis indicated that the rapid
IV administration of HSB (5 mL/kg) corrected the strong
ion acidosis and induced marked but transient hemodynam-
ic improvement. The hemodynamic response to HSB was
characterized by an increase in preload (plasma volume ex-
pansion) and a decrease in afterload (decrease in systemic
vascular resistance); the latter response is primarily due to
hyperosmolar induced relaxation of vascular smooth mus-
cle® The apparent increase in cardiac contractility (as as-
sessed by LV dP/dt,,,) most likely reflected the increase in
plasma volume, because this contractility index is preload
dependent.®©

A potential limitation of the study reported here is the
choice of model to induce acute respiratory and strong ion
acidosis, in that our model may not necessarily reflect the
heterogeneous disorder of neonatal asphyxia or septicemia
in calves with severe acidemia. The underlying disease pro-
cess of combined respiratory and strong ion acidosis in neo-
natal asphyxia or endotoxemia is alveolar hypoxia, leading
to hypoxemia, hypercarbia (respiratory acidosis), and de-
creased oxygen delivery®®; the latter results in anaerobic
metabolism, L-lactate production, and strong ion acidosis.
Instead, we specifically sought to determine the in vivo ef-
fects of HSB administration on acid-base status in blood
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Table 3. Hemodynamic findings in neonatal calves with experimentally induced respiratory acidosis (RA), mixed respi-
ratory acidosis and strong ion acidosis (RA/SIA), and response to no treatment (C) or treatment with 1V hypertonic sodium

bicarbonate solution (HSB). Values are mean = SD.

Time (minutes) after start of treatment

Variable Baseline RA RA/SIA 3 5 10 15
Heart rate (beats/min)

C 106 = 8 144 + 23» 149 + 167 142 = 15 140 = 15 138 = 13° 136 = 15°

HSB 108 = 25 146 *+242 156 + 220 154 + 22¢ 153 * 26° 153 * 21¢ 139 = 200
Cardiac index (mL/min/kg)

C 117 = 29 169 * 322 161 = 192 ND 173 = 30 ND 166 = 33

HSB 136 = 35 173 = 372 240 * BQred ND 240 *+ 620 ND 197 + 68°
Stroke index (mL/kg/beat)

C 11 +02 12 +£02 11+01 ND 12 +02 ND 12 +02

HSB 13 +03 12 +01 1301 ND 16 + 0.3 ND 14 +04
Mean arteria pressure (mm Hg)

C 93 + 13 105 * 142 114 + 18 118 = 21 118 = 21 116 = 20 118 = 23

HSB 90 *+ 17 105 = 9» 117 = 13 109 =+ 18° 109 =+ 18° 111 *= 13 108 =+ 8o
Arterial pulse pressure (mm Hg)

C 52 £ 5 579 55 + 7 54 + 5 50 + 2 52 £ 5 53+ 5

HSB 57 = 10 58+ 5 59 + 6 59 + 5 59 + 3 53+ 8 55 + 3
Mean pulmonary artery pressure (mm Hg)

C 16 =2 20+ 4 37 = O 34+ 10 32+ 10 31 + 11° 31 + 10°

HSB 14 =3 19+ 7 40 + 7ad 37+ 10 3B +9 34+9 3B+
Mean central venous pressure (mm Hg)

C 1.0 £ 0.7 10+0 08 =05 12 +08 12 +08 12 £ 05 12+ 05

HSB 10 £ 0.7 12+ 05 16 + 0.6% 2.2 £ 0.5°¢ 20 = 0.7° 18 £ 0.8 14+ 06
LVEDP (mm Hg)

C 116 + 24 95+ 36 76 =35 104 + 4.8 108 £ 45 11.7 = 4.8 12.8 + 3.8°

HSB 121 + 1.3 82=*41 87 =50 17.7 + 5.20¢ 14.8 £ 53° 104 * 6.3 105 + 55
LV dP/dt,, (mm Hg/s)

C 1,205 + 276 2,179 + 873~ 2,419 + 625 2,311 + 525 2,261 + 512 2,135 + 483° 2,064 + 505°

HSB 1,290 + 486 2,211 + 5822 2,410 + 496° 2,389 + 469 2,421 + 586 2,447 + 559 2,148 + 540
Tau (ms)

C 28+ 4 20 = 42 22 = 42 22+ 4 2+ 4 23+ 4 23+ 4

HSB 27+ 5 19 + 3 20 + 42 21 + 3 21+ 4 19 + &° 21 + 4
Oxygen delivery (mL O,/min/kg)

C 17+ 3 24 + 3 23+ ND 25+ 4 ND 25+5

HSB 18+ 6 22 + 6° 26 + 89 ND 29 = 9 ND 23+ 10
Systematic vascular resistance (dyne s/cm®)

C 1,472 = 305 1,129 + 2142 1,284 + 246 ND 1,249 = 270 ND 1,283 + 318

HSB 1,408 = 296 1,283 + 292 1,225 + 324 ND 969 *+ 292°¢ ND 1,295 + 447
Pulmonary vascular resistance (dyne s/'cnm?)

C 61 = 65 109 =+ 53 336 = 128 ND 230 = 151° ND 206 + 145°

HSB 25+ 52 133 * 106* 325 + 1022 ND 179 *= 62° ND 220 + 113

ND, not determined. LV dP/dt,,.,, maximal rate of change of left ventricular pressure.

aSignificantly different (P < .05) from baseline value.
b Significantly different (P < .05) from RA/SIA value.

¢ Significantly different (P < .05) from value for group C calves at same time.

and CSF and cardiovascular function during anesthesia and
experimentally induced respiratory and metabolic acidosis.

Acute respiratory acidosis has usually been induced by
increasing the fraction of inspired CO,, with or without the
concurrent presence of hypoxemia. Instead, our study used
spontaneous ventilation under halothane anesthesia to in-

crease arterial Pco, and induce respiratory acidosis. How-
ever, because halothane causes direct respiratory and car-
diovascular system depression, the halothane-anesthetized
calf provides a reasonable acute model for calf septicemia,
in that many septicemic calves have respiratory acidosis
and intrinsic cardiovascular depression that may be tem-
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Table 3. Extended.

Time (minutes) after start of treatment

20 30 45 60
135 = 16° 132 = 13° 132 = 14° 131 = 15°
135 + 20° 140 + 23° 137 £ 13° 143 + 190
ND 165 = 33 177 = 38 155 = 36
ND 182 + 50 200 = 60° 180 + 39
ND 1202 13x02 12 £0.2
ND 1302 15* 04 1.3+ 01
117 = 23 113 = 20 109 = 17 109 = 17
108 =+ 10°c 112 = 12 114 = 17 114 = 16
53+ 4 51+ 6 51+ 6 52+ 6
53 £ 3 535 53 £7 58 * 6°
29 = 10° 29 x o 28 = 8 27 = 8
29 = & 24 =7 21 £ 6° 20 £ 6°
12 =05 12 =05 0.8 = 0.5 10x0
12+ 05 13+ 05 1305 1.3+ 05
13.6 £ 2.7° 146 = 4.3° 139 £ 3.3 13.3 = 4.1°
10.8 = 4.7 10.6 = 4.4° 9.6 = 2.9° 9.1+ 41
2,019 = 500° 1,837 £ 451> 1,827 = 431° 1,827 * 437°
1,995 + 53% 2,165 = 620c 2,042 £ 285> 2,266 + 530°
23+ 4 24 = 4 24+ 4 245
2 x4 214 11 = 3¢ 20 £ 4
ND 23x2 ND 23+ 3
ND 2 *6 ND 22+6
ND 1,277 = 270 1,171 = 306 1,247 = 256
ND 1,387 *= 366 1,335 *+ 516 1,378 = 257
ND 172 = 79° 138 = 79° 173 = 77°
ND 169 + 53° 125 + 44° 132 + 101°

porarily reversed by sympathetic activation.? Whenever a
caf has decreased CO, oxygen delivery, and tissue perfu-
sion (eg, in severely dehydrated, diarrheic calves), it is pos-
sible that the CO, generated from HSB administration may
be stored in the tissues or venous capacitance beds and not
effectively removed by alveolar ventilation. It would there-
fore appear preferable to increase the circulating blood vol-
ume before administering HSB. However, because hyper-
tonic saline (7.2% NaCl) provides the most rapid method

for initial resuscitation in hypovolemic animals, and be-
cause it is the transient hypernatremia and hyperosmolality
induced by hypertonic saline administration that rapidly ex-
pands the plasma volume and resuscitates the animal 673657
an equimolar dose of HSB would be expected to produce
a similar plasma volume expansion as that observed after
administration of hypertonic saline. Indeed, HSB produced
an immediate increase in plasma volume of more than 15%
(Fig 3).

In conclusion, the rapid IV administration of HSB pro-
vided an effective and safe method for treating strong ion
acidosis in halothane-anesthetized normovolemic calves.
Additional studies are needed to determine the effects and
safety of HSB administration in conscious calves with nat-
urally occuring birth acidosis and in dehydrated calves with
diarrhea.

Footnotes

2Berchtold J, Constable PD, Smith G, et a. Acid-base, cerebrospinal
fluid, and cardiovascular effects of rapid 1V hypertonic sodium bi-
carbonate in calves with experimentally induced metabolic and re-
spiratory acidosis. J Vet Intern Med 2001;15:282 (abstract).

b Agri Master, Supreme All Milk, Blain Supply, Janesville, WI

¢ Diazepam, Elkins-Sinn, Cherry Hill, NJ

4 Vetaket, Lloyd Inc, Shenandoah, |A

e Aguamatic K module, Gormann-Rupp Industries, Bellville, OH

fVolume-cycled respirator, Harvard Apparatus Co Inc, Dover, MA

9 Wright Respirometer, Harris-Lake Inc Medical Equipment, Cleve-
land, OH

" 5/6 Recorder, Gilson Medica Electronics Inc, Middleton, WI

"Model 131H-7F Swan-Ganz catheter, Baxter Hedlthcare Corp, Ed-
wards Critical Care Division, Irvine, CA

1 P23XL transducer, Viggo Spectramed, Oxnard, CA

k7-F high-fidelity catheter dual-tipped pressure transducer, Millar In-
struments, Houston, TX

"'L-Lactic acid, Sigma Chemical, St Louis, MO

m 288 Blood gas system, Ciba-Corning, Medfield, MA

" COM-1 cardiac output computer, American Edwards Laboratories,
Irvine, CA

° CONDUCT-PC, Leycom, Zoetermeer, The Netherlands

» Hitachi 704 automatic analyzer, Hitachi, Tokyo, Japan

a L-Lactate dehydrogenase, Sigma Chemical, St Louis, MO

" SAS 8e, SAS Institute, Cary, NC
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