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ABSTRACT. Keto-doxapram (keto-dox), an oxidative me-
tabolite of doxapram, is a possible ventilatory stimulating
agent. Our study characterizes its ventilatory properties,
pharmacodynamic effects, and pharmacokinetic profile,
and those of its parent compound, doxapram. Two groups
of five awake, unsedated, newborn lambs (2- to 6-d old)
received, respectively, i.v. infusions of keto-dox or dox-
apram (2.5 mg/kg) over a period of 1 min. Ventilatory
parameters were continuously recorded before and for 1 h
after the drug infusion. The pharmacokinetic profiles of
both drugs were determined from blood samples collected
serially before and after drug injection. Both drugs stimu-
lated ventilation. Keto-dox increased baseline minute ven-
tilation by 46 * 6.1% and 27.8 * 8.1% (p < 0.002) at 1
and 5 min, respectively, an effect that decreased after 5
min of infusion. Doxapram increased minute ventilation by
57 * 9% (p < 0.002) at 1 min, and by 48 * 7% at 5 min,
but its effect lasted for 20 min after injection. Compared
with the effects of keto-dox, this doxapram increase was
significantly higher (p < 0.02). Also, doxapram, but not
keto-dox, caused an increase in systolic blood pressure
(from 110 % 3.5 to 118 % 3.4 mm Hg at 10 min, p < 0.01),
as well as a change in neuro-behavior. Both drugs exhibited
a biexponential decay curve, characterized by a short alpha
and a longer beta t.., but keto-dox has a faster elimination
rate. These data demonstrate that both doxapram and keto-
dox have respiratory-stimulating properties but that only
doxapram is associated with adverse effects such as in-
creased blood pressure and agitation. Keto-dox, however,
has a shorter beta t,, than doxapram. In addition, doxapram
is biotransformed to keto-dox, although the converse does
not happen. The results suggest that further studies on the
use of keto-dox as a therapeutic agent are warranted.
(Pediatr Res 28: 142-146, 1990)
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f, respiratory rate
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Pao,, partial pressure of O in arterial blood
VE, minute ventilation

Vt, tidal volume

Vt/Ti, mean inspiratory flow

Doxapram is a respiratory stimulant (1) with a high selective
activity on respiratory neurons (2) and a demonstrated efficacy
in the treatment of premature neonates with idiopathic apnea,
especially those resistant to methylxanthine, theophylline, or
caffeine (3-6). Doxapram is mainly metabolized by oxidation
(7), with keto-dox (AHR 5955) being its main oxidative product
in adults and newborns (8, 9). Whether this oxidative metabolite
has any pharmacologic activity is not yet known. Aranda et al.
(9) have, in a preliminary study in premature nconates, suggested
that keto-dox is an active metabolite, one partly responsible for
the respiratory effect of doxapram. The question, however, is
whether the rapid disappearance of the effects of doxapram, in
less than 1 h after cessation of therapy (6), may, in fact, be related
to its biotransformation to keto-dox, which itself may have very
short pharmacologic effects.

Our study was designed /) to determine whether keto-dox
possesses respiratory stimulant activities, 2) to identify its respi-
ratory activities and potential side effects related to doxapram,
and 3) to determine the pharmacokinetics profile of both keto-
dox and doxapram.

SUBJECTS AND METHODS

Experimental design. Two groups of 2- to 6-d-old newborn
lambs were studied. The first group consisted of five newborn
lambs. Using a crossover design, each lamb in this first group
received either keto-dox dissolved in methanol, or methanol
alone, and then the reverse, at 48-h intervals. That is, we injected,
at random, three lambs with first the keto-dox dissolved in
methanol and, then, 48 h later, the methanol alone. Two other
lambs received the reverse protocol: first methanol alone, then,
48 h later, keto-dox dissolved in methanol. For the keto-dox-
plus-methanol protocol, the keto-dox powder (A. H. Robins,
Richmond, VA) was dissolved in methanol (0.8 mL methanol/
15 mg of keto-dox) and then diluted with saline to a final volume
of 3 mL, before being administered at a dose of 2.5 mg/kg. For
the methanol-alone protocol, the methanol was diluted with
saline to obtain the same volume of injection as that of the keto-
dox. Both the keto-dox and methanol solutions were given as
bolus i.v. infusions over a period of 1 min. This particular
crossover design was chosen to eliminate any effect of methanol
per se (an unusual solvent for medication) on respiration,
whether that of depression or stimulation of ventilation.
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The second group consisted of five different newborn lambs.
They were studied in the same conditions, via a procedure similar
to that followed with the first group. One wk after the first study
on keto-dox was completed, these lambs received an i.v. bolus
infusion of doxapram at a similar dose of 2.5 mg/kg, again over
I min. We used a commercial i.v. solution of doxapram (dox-
apram hydrochloride, 20 mg/mL preserved in 0.5% chlorbu-
tanol; A. H. Robins, Montreal, Quebec, Canada). Because the
usual commercial preparation of doxapram in Canada already
contains chlorbutanol, no comparison study was done between
these two compounds.

Animal preparation and method of measurement. On the day
of the experiment, two catheters were inserted in each animal.
The venous catheter, used for drug injection, was percutaneously
introduced into a vessel of one posterior limb. The second, an
arterial line used to measure blood pressure and obtain blood
samples, was introduced through the left axillary artery via a cut-
down under xylocaine local anesthesia. Rectal temperature of
each lamb was also recorded.

An adjustable face mask (dead space 2-3 mL) was fitted to
each animal. The face mask was attached to a size 0 pneumo-
tachograph (HP 21070 B, Hewlett-Packard Co., Palo Alto, CA).
The pneumotachograph flow signal, integrated to give volume
by a respiratory integrator (HP 8815 A), was recorded on a strip-
chart recorder (HP 7754 B). The flow signal was simultaneously
stored on a computer (Digital Equipment Corp., Marlboro, MA,
PDP-11/03) for analysis of each breath. This method, in current
use in our laboratory, has been reported in detail elsewhere (10-
12). The respiratory parameters derived by the computer from
each breath were: VE, Vt, f, inspiratory time, expiratory time,
total respiratory cycle duration, Vt/Ti and inspiratory duty cycle.

Study procedures. The conscious lamb, wearing a face mask
and breathing room air, was gently restrained on a cart and given
time to adjust to its position (that is, until quiet breathing was
achieved). The lambs were studied in a presumed awake state
because the animals had their eyes open most of the time during
recording. The data collection started with a 5-min baseline
recording of respiratory and blood pressure measurements, but
was switched at the beginning of the drug injection, and for the
subsequent I-h period, to a continuous recording protocol.

Arterial blood gases for pH, Pao, and Paco, analysis were
drawn before and at the 1-, 10-, 20-, 30-, and 60-min marks after
the drug injection. The blood gas values were corrected for the
body temperature of the animal.

For all ventilatory variables studied, a number of means were
calculated for analysis: the mean of 5 min of baseline recording;
the mean during the minute of drug injection; and the mean of
each 5-min epoch from | to 30 and from 50 to 60 min. All were
calculated by the computer and used for further analysis. A
comparison of the ventilatory data obtained between the keto-
dox and doxapram was also done at the end of the study.

Because it has been reported that doxapram could induce side
effects like increased blood pressure, agitation, and irritability (3,
13), the means of the systolic blood pressures of /) 5 min of
baseline recording, and 2) each 10-min epoch from 1 to 30 min,
and also from 50 to 60 min were calculated; we also constantly
noted subjective modifications in the animal’s normal behavior,
such as agitation and increased bleating, before and after injec-
tion.

Plasma doxapram and keto-dox were measured by the HPLC
method (14) from blood samples collected serially /) at the point
of preinjection, and 2) at 1, 10, 20, 30, 45, and 60 min, and
subsequently at 2, 6, 12, and 24 h after the injection. The results
from both groups were compared at the end of the study.

Data analysis. The results are expressed as the mean + SD for
the five lambs in each group studied (keto-dox., methanol, and
doxapram) and for each variable measured. Data pertaining to
VE and Vt/Ti were corrected for body weight.

Pharmacokinetic analysis. The kinetic analysis was done as-
suming a two open compartment model, and based on the area
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under the curve (AUC), which is model independent. The elim-
ination rate constant (kel) was calculated using the equation: kel
= dose/AUC. The apparent volume of distribution (AVd) was
calculated using the equation: AVd = dose/AUC x kel. Clear-
ance (CL) was calculated using the equation: CL. = AVd X kel.
The t,, was calculated using the equation: t.. = 0.693/kel.

Statistical analysis. The statistical analysis was done using a
two-way analysis of variance for repeated measures within and
between groups. The T method was then used, if a significant
difference was found (15). A probability of less than 0.05 was
considered significant.

RESULTS

Pharmacologic drug response. Table 1 shows the baseline data
for the different variables measured and for all groups studied.
The lambs from the doxapram group had a higher baseline
ventilation (at the limit of statistical significance) than the keto-
dox group; for this reason, results comparing these two groups
are expressed as a percent change in ventilation. Figures 1-4
represent the effects of the drugs on ventilation.

Group 1: Methanol Versus Keto-dox. Methanol. In the animals
that received the methanol-only injection, none of the variables
studied (ventilation, blood gases, blood pressure) showed any
change. All the lambs remained quiet, conscious, and awake
during the experiment, suggesting that the methanol had not
affected their behavior. Incidentally, the amount of methanol
used in the keto-dox-methanol solution was far from the amount
that could produce a toxic effect (16).

Keto-dox. The keto-dox (2.5 mg/kg) produced, within 1 min
of injection, an increase in both VE [from 592 + 85 to 863 +
150 mL/kg/min (p < 0.001), Fig. 1] and Vt/Ti [from 23.1 £ 2.7
to 34 £ 5.1 mL/kg/s (p < 0.001), Fig. 2], representing a 46 and
47% increase, respectively. These changes in ventilation were
caused mainly by an increase in the lambs’ respiratory rate (from
58.0 + 9.2 to 78.5 + 15.4 breaths/min, p < 0.005), as well as a
slight increase in Vt (from 10.2 = 1.3to 11.6 £ 1.3 mL/kg, p <
0.01). Five min later, VE decreased to 743 + 105 mL/kg/min,
whereas Vt/Ti decreased to 29.4 + 4.9 mL/kg/s; both, however,
were still significantly higher than the baseline figures (p <
0.001). Within 20 min of the injection, ventilation had returned
to baseline ventilation values. The inspiratory duty cycle did not
change significantly. At | min after injection only, the increase
in ventilation was accompanied by a decrease in Paco. from
36.2 + 4.2 t0 30.3 £ 4.9 mm Hg (4.8 + 0.6 to 4.0 £ 0.7 kPa, p
< 0.002). No change in blood pressure nor in the animals’
behavior was noted after the keto-dox injection.

Group 2: doxapram alone. The ventilatory responses produced
with 2.5 mg/kg of doxapram had a pattern similar to that
observed after the keto-dox injection. Within a minute of injec-
tion, there was an immediate increase in VE (from 737 + 38 to
1149 + 119 mL/kg/min, p < 0.001), and in Vt/Ti (from 25.2 +
2.4 1041 + 8.5 mL/kg/s, p < 0.001); these increases represented
an augmentation of 56 and 63%, respectively (Figs. 3 and 4).

The increase in ventilation with doxapram was essentially due
to an increase in f (from 48.8 + 16.1 to 95.7 £ 19.7 breaths/
min, p < 0.001), whereas the Vt decreased (from 15.1 + 4.2 to
12.0 + 2.4 mL/kg, p <0.01). These ventilatory responses induced
a decrease in Paco, from 35.6 = 4.0 to0 29.7 = 1.1 mm Hg (4.7
+ 0.5 t0o 3.9 + 0.1 kPa, p < 0.01). The inspiratory duty cvcle
remained unchanged. At 20 min, ventilation was 953 + 121 mL/
kg/min for VE, and 29.6 = 5.1 mL/kg/s for Vt/Ti (for both, p
< (.01 versus baseline). Ventilation returned almost to baseline
value at 30 min postinjection.

Doxapram ventilatory effects were associated with a transient
increase in systolic blood pressure (from 110.0 = 7.8 to 118.0 +
7.6 mm Hg, noted at 10 min only, p < 0.01). An obvious
subjective change in the animals’ behavior manifested itself:
agitation occurred and bleating was increased in each animal,
lasting for about 10 min postinjection.
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Table 1. Baseline ventilatory data and blood gas values*

TIME (minutes)

Fig. |. Effect of keto-dox and methanol on VE. Values are mean +
SD (7= 5 lambs in each group). Asterisks indicate a significant difference
from baseline. Closed circles with solid line represent keto-dox, open
circles with broken line represent methanol.

*
407 0--0 Methanol
®—e Keto-doxapram
% !
4 &=
% 20+
adecton *p <0001
10-
B 0O 5 10 15 20 25 30 55 60
TIME (minutes)
Fig. 2. Effect of keto-dox and methanol on Vt/Ti. Values are mean
+ SD (n = 5 lambs in each group). Asterisks indicate a significant

difference from baseline. Closed circles with solid line represent keto-
dox. Open circles with broken line represent methanol.

Comparison of respiratory response: keto-dox versus dox-
apram. The respiratory stimulation induced by doxapram was
greater in both magnitude and duration of action (20 min versus
5 min) than that induced by keto-dox with the same size dose.
Within the first min of injection, doxapram had increased VE
and Vt/Ti by 56 + 18 and 63 + 27%, respectively (Figs. 3 and
4). These changes were significantly higher (p < 0.01) than those
brought about by keto-dox, which induced an increase in VE of
46 + 13% and in Vt/Ti of 47 = 13%. These differences in

Pao, Paco, Systolic
VE f Vit Vi/Ti (mm Hg) (mm Hg) blood pressure
Drug (mL/kg/min)  (breaths/min) (mL/kg) (mL/kg/s) pH (kPa) (kPa) (mm Hg)
Keto-dox 592 + 85 58.0=+9.2 102 %13 23.1£2.7 7.38+£0.03 91.6+3.2 36.2+4.2 110 + 3.6
122+ 04 48+0.6
Doxapram 737 + 38% 48.8 £ 16.1% 15.1 £42+ 252+24tf 737+0.06 894=%12 35.6 £4.0 110+ 7.8
1 1:9: 156 4.7 £0.5
Methanol 644 + 126 551+ 9.9 L1 Tk 057 25,138 7.39 £ 0.01 94,4 + 3.8 35.5 £3.6 112 + 8.7
12,6 £ 0.5 47+ 0.5
* Values are mean + SD for five lambs in each group.
+p=0.05 if compared with keto-dox.
* 80 M
1000 w @@ Doxapram
W O---0 Methanol O-0O Keto-doxapram
®—=e Keto-doxapram o 60
5
5 40
€ 750+ L *p< 0002
é = +p<0.02
=
3 4 204
E
& 500 -
over 1 min. I
g O S iject TIME (minutes)
B 0 5 10 15 20 25 30 55

Fig. 3. Effect of keto-dox and doxapram on VE. Values are mean *
SD (n = 5 in each group) expressed as percent changes in VE from
baseline after infusion of the drugs. Asterisks indicate a significant
difference from baseline and crosses denote a significant difference
between doxapram and keto-dox. Open circles with broken line represent
keto-dox. closed circles with solid line represent doxapram.

®—® Doxapram
O-O Keto-doxapram

A V1T (% CHANGE)

TIME (minutes)

Fig. 4. Effect of keto-dox and doxapram on Vt/Ti. Values are mean
+ SD (n = 5 in each group) expressed as percent changes in Vt/Ti from
baseline after drug infusion. Asterisks indicate a significant difference
from baseline and crosses denote a significant difference between dox-
apram and keto-dox. Open circles with broken lines represent keto-dox:
closed circles with solid line represent doxapram.

ventilatory responses between the two drugs remained significant
until the 20-min mark (Figs. 3 and 4).

Kinetic study (Figs. 5 and 6). Those animals receiving metha-
nol had no detectable doxapram nor keto-dox in their blood
samples. Nor did the animals receiving the keto-dox have any
detectable doxapram in their samples during the 24 h after drug
injection. In the doxapram group (Fig. 6), however, the metab-
olite keto-dox generated from doxapram appeared at 20 min
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Fig. 5. Plasma drugs concentration of keto-dox and doxapram. Val-
ues are lhe mean + SD of 5 lambs in each group after injection of either
doxapram or keto-dox.
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Fig. 6. Keto-dox generated over time from doxapram alone in the
doxapram group. The closed circles represent absolute values of dox-
apram: the open circles represent keto-dox generated from doxapram.
The squares represent the sum of keto-dox and doxapram when dox-
apram alone has been given. Corrections factors: doxapram | mg/L =
2.6 umol/L; keto-dox | mg/L = 2.5 umol/L.

Table 2. Pharmacokinetic profiles of keto-dox and doxapram*

Kinetic

variables Keto-dox Doxapram
t, alpha (h) 0.23 (0.1-0.32) 0.21 (0.1-0.30)
t, beta (h) 2.26 (0.7-3.4) 5.2(1.2-11.6)t
kel (h™") 1.68 (0.6-3.1) 0.61(0.3-1.2)
AUC (24 h) 3.4 (1.6-5.1) 5.1(3.2-7.4)
AVd (L/kg) 1.1(0.34-2.05) 1.2 (0.5-2.0)
CL (L/kg/h) 0.89 (0.49-1.8) 0.54 (0.34-0.8)
Cinax (mg/L) 5.26% (2.5-9.3) 3.11(2.7-3.6)

* Values are means and range (in parentheses). n = 5 lambs per group.
kel, elimination rate constant; AUC, area under the curve; AVd, apparent
volume of distribution; CL, clearance: C,,,,, maximal plasma concentra-
tion obtained at | min of infusion.

+p = 0.056.

1 Correction factor: doxapram,
mg/L = 2.5 umol/L.

[mean of 0.15 mg/L (0.37 umol/L) and range of 0.0 to 0.76 mg/
L (0.0 to 1.9 umol/L)]. Thereafter, the mean concentration of
keto-dox was almost equivalent to that of doxapram during the
period between 30 min and 2 h (Fig. 6).

Wide interindividual variability existed, however, for all drugs
measured. Table 2 summarizes the different kinetic indices ob-
tained in both the keto-dox and the doxapram groups. Keto-dox
and doxapram exhibited a biexponential decay curve with a short
alpha t,, that was similar in both drugs, and a longer beta t,, that
was more prolonged in doxapram [mean of 5.2 h (range 1.2-
11.6)] than in keto-dox [mean of 2.3 h (range 0.7-3.4)]. An
example of the pharmacokinetic decay curves from one lamb of
each group is presented in Fig. 7. Although the apparent volume
of distribution was similar for both drugs, the total plasma
clearance and the elimination rate constant were both slower for
doxapram as compared with keto-dox.

I mg/L = 2.6 umol/L; keto-dox, 1

DISCUSSION

Our study showed that keto-dox has respiratory stimulating
properties in awake, unsedated newborn lambs. The changes in
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Fig. 7. Plasma disappearance curve of keto-dox and doxapram from
one animal of each group. Top panel represents an example of keto-dox
plasma disappearance curve in one animal; the hottom panel represents
an example of doxapram plasma disappearance curve in another lamb.
Corrections factors: doxapram 1 mg/L = 2.6 pmol/L; keto-dox | mg/L
= 2.5 pmol/L.

f and to a lesser extent those of Vt were responsible for the
significant increase in VE and Vt/Ti, indicating, in turn, that
keto-dox is a stimulant of respiratory drive. Our study also
confirms that doxapram has potent respiratory stimulant effects
(1.2);

Comparable doses of keto-dox and doxapram produced ven-
tilatory responses with similar patterns but significant differences
in terms of magnitude and duration. It was the doxapram ven-
tilatory response that was greater in both. These data also indicate
that both respiratory stimulants keto-dox and doxapram have a
short acting duration, but that the ventilatory effect of doxapram
is more potent than that of keto-dox at the same dose; only
doxapram is accompanied by adverse effects: an increase in blood
pressure and a change in the animal’s behavioral state. These
adverse effects have already been noted with doxapram (3, 13).

In our study, we were unable to clearly establish the plasma
concentrations of keto-dox and doxapram required to sustain
these ventilatory effects. Because the ventilatory effects of keto-
dox occurred during the first minutes of injection (5 to 10 min),
it is probable that plasma concentrations of keto-dox between
5.3 mg/L (13.2 umol/L) [range 2.6 to 9.3 mg/L (6.5 to 23.3
pmol/L), obtained at 1 min] and 1.3 mg/L (3.25 pmol/L) [range
1.1 to 1.7 mg/L (2.75 to 4.2 umol/L), noted at 10 min] are
necessary to maintain respiratory stimulation. In contrast, inas-
much as the ventilatory effects of doxapram lasted for 20 min
and were coincident with plasma concentrations at | min of 3.1
mg/L (8.1 umol/L) [range 2.7 to 3.6 mg/L (7 to 9.4 umol/L)]
and at 20 min of 0.88 mg/L (2.3 umol/L) [range 0.48 to 1.3 mg/
L (1.2 to 3.4 umol/L)], a plasma doxapram concentration of 0.9
to 3.1 mg/L (2.3 to 8.1 umol/L) appears to be necessary for
maintenance of the ventilatory responses to doxapram. These
estimated plasma drug concentrations may represent the mini-
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mal drug concentrations required to maintain ventilatory effects
in newborn lambs.

In the doxapram group, the metabolite keto-dox was detected
in the plasma only at 20 min, suggesting that the early ventilatory
effects produced are, in fact, related to doxapram per se. That
supposition is further confirmed by the fact that the sum of
plasma doxapram and its active metabolite concentration was
not related to the maintenance ventilatory effects for more than
30 min.

In our study, keto-dox and doxapram exhibit biexponential
decay curves, characterized by a short alpha t,, and a longer beta
t.. And although the apparent volume of distribution was com-
parable, keto-dox had a faster elimination rate. These kinetic
profiles, coupled with the relationship between ventilatory effects
and drug concentrations, indicate that the ventilatory responses
of both drugs appear to be related to the alpha phase. Therefore,
the short duration of action of doxapram (20 to 30 min) might
be explained not only by its short alpha t.,, but also by its rapid
biotransformation to keto-dox which, in turn, has a faster elim-
ination rate than that of doxapram.

Doxapram 1s currently used for the treatment of apnea in
newborn infants (3-6, 13). Our study demonstrates that its
oxidative metabolite keto-dox is also a potent respiratory stim-
ulant. We would suggest, however, that, until the role of keto-
dox on apnea is determined, it would be advisable to continue
examining and accounting for the concentration of both drugs
in the plasma.

In summary, both keto-dox and doxapram possess respiratory
stimulant activities. Doxapram is more potent than keto-dox,
but the latter seems to have fewer side effects, at least at the
dosage level used in our study. Both drugs have a biexponential
disappearance curve, but keto-dox has a faster elimination rate.
Doxapram is also metabolized to keto-dox, but not vice versa.
Those results are sufficiently encouraging to support further
studies on keto-dox as a therapeutic agent.
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