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Background In doses typically administered during con- 
scious sedation, remifentanil may be associated with ventila- 
tory depression. However, the time course of ventilatory de- 
pression after an initial dose of remifentanil has not been 
determined previously. 

Methods: In eight healthy volunteers, the authors determined 
the time course of the ventilatory response to carbon dioxide 
using the dual isohypercapnic technique. Subjects breathed via 
mask from a to-and-fro circuit with variable carbon dioxide 
absorption, allowing the authors to maintain end-tidal pressure 
of carbon dioxide ( F ’ E T ~ ~ J  at approximately 46 or 56 mmHg 
(alternate subjects). After 6 min of equilibration, subjects re- 
ceived 0.5 pg/kg remifentanil over 5 s, and minute ventilation 
(qd was recorded during the next 20 min. Two hours later, the 
study was repeated using the other carbon dioxide tension (56 
or 46 mmHg). The ?, data were used to construct two-point 
carbon dioxide response curves at 30-s intervals after remifen- 
tanil administration. Using published pharmacokinetic values 
for remifentanil and the method of collapsing hysteresis loops, 
the authors estimated the effect-site equilibration rate constant 
(kJ, the effect-site concentration producing 50% respiratory 
depression (EC,,), and the shape parameter of the concentra- 
tion-response curve (y). 

Results: The slope of the carbon dioxide response decreased 
from 0.99 [95% confidence limits 0.72 to 1.261 to a nadir of 0.27 

0.001); within 5 min, it recovered to approximately 0.6 
1 . min-’ * mmHg-’, and within 15 min of injection, slope 
returned to baseline. The computed ventilation at F%T = 50 
mmHg (ir,50) decreased from 12.9 [9.8 to 15.91 to 6.1 Vmin [4.8 
to 7.41 2.5 min after remifentanil injection (P < 0.001). This was 
caused primarily by a decrease in tidal volume rather than in 
respiratory rate. Estimated pharmacodynamic parameters 

l.&-’.mmH g -1 [-0.12 to 0.661 2 min after remifentanil (P < 
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based on computed mean values of 8,50 included 4, = 0.24 
(TI,* = 2.9 min), EC,, = 1.12 ng/ml, and y = 1.74. &- 1 

Conclusions: After administration of 0.5 pg/kg remifentanil, 
there was a decrease in slope and downward shift of the carbon 
dioxide ventilatory response curve. This reached its nadir ap- 
proximately 2.5 min after injection, consistent with the com- 
puted onset half-time of 2.9 min. The onset of respiratory de- 
pression appears to be somewhat slower than previously 
reported for the onset of remifentanil-induced electroencepha- 
lographic slowing. Recovery of ventilatory drive after a small 
dose essentially was complete within 15 min. (Key words: Car- 
bon dioxide; conscious sedation; effect site.) 

REMIFENTANIL is a rapidly metabolized intravenous opi- 
oid that is well-suited for situations necessitating rapid 
changes in anesthetic depth or when the postoperative 
requirement for analgesia is of limited duration. The 
pharmacokinetic properties of remifentanil, based on 
the exponential decay in plasma concentration after a 
continuous infusion, are well-established.‘-3 Context- 
sensitive half-times, based on these parameters, indicate 
that remifentanil concentrations decrease rapidly, re- 
gardless of the rate or duration of remifentanil infusion.* 
The decrease in analgesia and ventilatory depression 
after discontinuation of remifentanil parallel the de- 
crease in plasma concentration.* However, when an 
initial intravenous bolus dose of remifentanil is adminis- 
tered, the onset of analgesia and ventilatory depression is 
not instantaneous because it takes time for remifentanil 
to cross the blood- brain barrier and reach the “effect 
sites” within the central nervous system. We designed 
this study to characterize the time course of ventilatory 
depression after a typical loading dose of remifentanil. 

Materials and Methods  

Eight nonsmoking healthy volunteers (two women and 
six men), ranging in age from 23 to 31 yr and in weight 
from 61 to 102 kg, consented to participate in this 
Internal Review Board-approved study. Subjects ab- 
stained from alcohol and caffeine for 24 h and took 
nothing by mouth for at least 8 h before the start of the 
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study. To minimize the effect of auditory stimulation 
during ventilatory testing, the supine subjects listened to 
quiet classical music via headphones. We monitored 
blood pressure via forearm cuff, electrocardiography 
(ECG), and oxygen saturation as measured by pulse 
oximetry (Sp02; Ohmeda Boulder, CO; 3700, fast mode). 
A Datex (Helsinki, Finland) Capnomac I calibrated with 
three reference mixtures of carbon dioxide in oxygen 
continuously monitored end-tidal partial pressure of car- 
bon dioxide 0pmcO,) and fractional inspired oxygen ten- 
sion (Fro). Subjects breathed via mask from a to-and-fro 
circuit with variable carbon dioxide absorption, en- 
abling us to keep  PET^^, constant to within ? 1 mmHg, 
as previously de~cribed.~ A Hans-Rudolph (Kansas City, 
MO) 3700 heated pneumotachograph with a Validyne 
(Northridge, CA) DP45 differential pressure transducer 
and electronic integrator determined ventilatory vol- 
umes at body temperature pressure, saturated (BTPS). 
Before each set of measurements we performed a three- 
point volume calibration and linearity check using a 
Collins (Braintree, MA) 3200 3-1 super syringe. An analog- 
todigital converter and a computer recorded breath-by- 
breath measurements of minute ventilation (Vd, tidal 
volume (V,), respiratory rate, Sp02, and PEr,--,. 

To determine the steady state ventilatory response to 
carbon dioxide, subjects breathed hyperoxic mixtures 
( F I ~ ~  > 0.6) of oxygen in nitrogen with  PET^^, held 
constant at approximately 46 or 56 mmHg for alternate 
subjects; these carbon dioxide tensions were chosen 
because they typically lie on the linear portion of the 
carbon dioxide ventilatory response curve. After keep- 
ing  PET^^, constant for a 6-min equilibration period, we 
recorded baseline ventilation and Pmc02 for an addi- 
tional 2-min. While data collection continued, we admin- 
istered 0.5 pg/kg intravenous remifentanil over 5 s. We 
continued to record breath-by-breath changes in ventila- 
tion for the next 20 min while adjusting the flow of gas 
through the carbon dioxide absorber to maintain  PET^^, 
as close as possible to the desired value (typically 
within ? 1 or 2 mmHg). Small volumes (- 300 ml/min) 
of oxygen were added to the circuit as needed to main- 
tain a constant circuit volume. After a 2-11 recovery pe- 
riod, we repeated the steady state and hypoxic ventila- 
tory measurements at the alternate PET,-<,, (56 or 46 
mmHg), whichever was not used previously. 

Data Analysis 
Because of the inherent variability of breath-by-breath 

ventilatory measurements, we used five-breath average 
values of V,, V,, and Pmco, throughout the data analysis. 

Time (rnin; 

46 48 50 52 54 56 58 

Fig. 1. Constructed carbon dioxide response curves before 
(time = 0) and at selected times after injection of 0.5 pg/kg 
remifentanil. These curves are based on mean values fort, and 
mrCoz at each time point. 

Starting at the time of injection (T = O), we evaluated 
ventilation data at 30-s intervals for 20 min. For each 
subject, we determined two-point carbon dioxide venti- 
latory response curves (VE us. PmCO,) at each 30-s inter- 
val after remifentanil injection: A line was drawn be- 
tween the point representing VE and Pmco, at a given 
time during the first “run” and the point describing these 
variables at the corresponding time during the second 
“run” (fig. l).‘ To summarize the data, we described 
each of these lines in terms of its slope and the VE at 
 PET^^, = 50 mmHg (VE50) at each time after remifen- 
tanil injection. (These values represent the “gain” and 
“set-point,” respectively, of the ventilatory control sys 
tem.) Similar computations using V, versus  PET^^, en- 
abled us to compute the V, at  PET^^, = 50 mmHg (VT50) 
at each time after injection. Repeated-measures analysis 
of variance (subjects X times) followed by protected 
least significant difference tests determined the times at 
which ventilatory variables were significantly lower than 
the baseline, with P < 0.05 indicating statistical signifi. 
cance. 

To model the pharmacodynamics of remifentanil-in 
duced ventilatory depression, we used published phar 
macokinetic data for remifentanil to estimate the sub 
jects’ remifentanil blood concentration as a function o 
time after injection.3 We assumed first-order transfe 
kinetics between the central compartment and the effec 
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site, and a sigmoidal relation between effect-site concen- 
tration C ,  and the observed effect on V,50, 

P Y  

where VE500 is the baseline ventilation, V,50,,, is the V, 
corresponding to maximum remifentanil-induced venti- 
latory depression (constrained to be 2 0), EC,, is the 
plasma concentration causing 50% depression of V,50, 
and y is a dimensionless shape factor which determines 
the “steepness” of the dose-response curve. By using 
nonlinear least-squares estimation,’§ we minimized the 
least-squares difference between the ventilatory effect 
predicted based on the pharmacokinetic-pharmacody- 
namic model and observed effect (method of collapsing 
hysteresis loops).’ This analysis yielded values for the 
onset rate constant k,,, EC,,, and y. 

We performed the analysis in two ways:’ On a subject- 
by-subject basis, we estimated the pharmacodynamic 
parameters; from these individual estimates we com- 
puted overall mean values with confidence limits.* We 
computed a single value for the pharmacodynamic pa- 
rameters based on the mean values of the VE50 for all 
subjects uersus the time data. We used the Pearson 
product moment correlation for individual and pooled 
data to determine the degree to which our model pre- 
dicted the variations in the observed ventilatory data. 

In addition, we computed the offset half-time (T,) for 
remifentanil-induced depression of V,50 using nonlinear 
regression to estimate a standard, biexponential model: 

All data are shown as the mean [95% confidence inter- 
vals], with P < 0.05 indicating statistical significance. 

Results 

After remifentanil administration, all subjects were 
mildly sedated, responsive to verbal command in normal 
tone, and had mild ptosis or a “glazed” appearance of the 
eyes. This corresponds to a change from 5 to 4 on the 
Observers Assessment of Alertness/Sedation Scale (OAA/ 
S).8 None of the subjects lost consciousness or became 
apneic during the study, and no subject had an Observ- 

$ PKPD Tools with XLMEM are available free of charge from Charles 
Minto and Thomas Schnider.’ 
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Fig. 2. Time course of the slope of the ventilatory response to 
carbon dioxide after injection of remifentanilO.5 &kg. Values 
below the dotted line differ significantly (P < 0.05) from base- 
line. Error bars indicate the upper 95V0 confidence limit. 

ers Assessment of Alertness/Sedation Scale score lower 
than 4 at any time. 

After the injection of remifentanil, V, decreased at 
low (= 46 mmHg) and high (= 56 mmHg) carbon 
dioxide tensions (fig. 1). The decrease in the slope of 
the carbon dioxide response achieved significance 
within 30 s ,  decreasing from 0.99 [0 .72  to 1.261 to 
0.58 1 * min-’ * mmHg-’ [ 0 . 2 8  to 0.891 (P  < 0.05) 
before reaching its nadir of 0.27  1 * min-‘ - mmHg-’ 
1-0.12 to 0.661 (P < 0.001) 2 min after injection (fig. 
2) .  The transient increase in slope between 4 and 5 
min resulted from a slightly greater increase at the 
high carbon dioxide level, as compared with the cor- 
responding increase at low carbon dioxide; however 
the position of the carbon dioxide response remained 
below baseline. Slope remained significantly de- 
pressed for approximately 9 min after remifentanil 
injection, but, within 15 min, it returned to baseline. 

Similarly, VE50 decreased significantly within 30 s of 
injection from a baseline of 12.9 ”9.8 to 15.91 to 10.5 
I/& [7.8 to 13.21, reaching a nadir of 6.1 I/min [4.8 to 
7.41 2.5 min after injection. As shown in figure 3 ,  V,50 
remained significantly lower than baseline for approxi- 
mately 12 min after remifentanil injection; within 15 
min, V,50 returned to the preremifentanil baseline. The 
decrease in VE50 resulted primarily from a decrease in V, 
(VT50), as shown in figure 4. There was a small, transient 
decrease in respiratory rate: From its initial value of 14.1 
breaths/min [11.3 to 16.91, it reached a nadir of 11.9 
breaths/min [9.8 to 13.91 1 min after remifentanil (P  < 
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Fig. 3. Time course of the computed ventilation at  PET^:,,^ = 50.0 
mmHg. Values below the dotted line differ significantly (P < 
0.05) from baseline. Error bars indicate the upper 95% confi- 
dence limit. 

0.05 us. baseline); by 2.5 min after injection, respiratory 
rate exceeded 13 breaths/min and no longer differed 
significantly from baseline. 

Comparison of figures 2 and 3 revealed that the mean 
values of V,50 resulted in a much smoother curve than 
those of the carbon dioxide response slope. Therefore, 
we performed the phdrmacodynamic analysis using V,50 
to model the effect-site response. Table 1 shows the 
mean of the subjects’ pharmacodynamic parameters 
(with confidence limits) and the pharmacodynamic pa- 
rameters derived from the mean V,50 curve shown in 
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Fig. 4. Time course of the computed tidal volume at  PET,:^,, = 
50.0 mmHg. Values below the dotted line differ significantly 
(P < 0.05) from baseline. Error bars indicate the upper 95% 
confUdence limit. 

Table 1. Derived Pharmacodynamic Parameters for the Effect 
of a Single Dose of Remifentanil, 0.5 pg/kg Intravenous, on 
?-SO. 

Values Based on 
Parameter Mean of Individual Values Pooled Data 

k,, (rnin-’) 0.34 [0.16, 0.521 0.24 
Equilibration 

T,,2 (mi4  2.04 [-0.24, 4.321 2.88 
EC,, (ng * ml-’) 1.36 [0.67, 2.051 1.12 
Y 2.45 [1.16, 3.751 1.74 
r2 0.90 [0.60, 0.941 0.99 

Values are shown as the mean (95% confidence intervals), except for ?, 
which is shown as median [range]. 

figure 3.  Figure 5A shows how the mean values of V, 
compared with the plasma concentrations and pharma- 
codynamic effects predicted by the model, whereas fig- 
ure 5B shows the relation between computed effect-site 
concentration and the measured values of V,50 as well 
as those predicted by the sigmoidal model. 

The time course of V,50 after remifentanil was closely 
approximated (r2 = 0.99) by a biexponential function 
determined using nonlinear regression (fig. 6). On the 
basis of this regression, the TI,* for recovery from 
remifentanil-induced depression of V,50 was 6.2 rnin 
[4.3, 8.0). 

Discussion 

Remifentanil is an ultra-short-acting opioid that relies 
on plasma esterases for rapid metabolism. Its short du- 
ration of action makes it an ideal agent to administer by 
continuous infusion. To most rapidly achieve steady 
state plasma concentrations, continuous infusions gen- 
erally are initiated with a loading dose. With remifen- 
tanil, the recommended loading dose for monitored an- 
esthesia care (0.5-1.0 pg/kg) can create a situation in 
which patients are apneic yet awake; they must be en- 
couraged to breathe for a few minutes until Paco2 in- 
creases to the new apneic threshold. 

To avoid this situation, the manufacturer (Glaxo Well- 
come, Research Triangle Park, NC) recommends that the 
loading dose be administered over 30 s.  Our data show 
that maximum ventilatory depression occurs approxi, 
mately 2.5 min after a single loading dose is adminis, 
tered. This suggests that additional remifentanil admin 
istered within 2.5 min of the initial dose may product 
further, unanticipated ventilatory depression, which i! 
potentially dangerous in patients whose airways are no 
controlled. When the loading dose is followed by ar 
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Fig. 5. (A j Time course of predicted plasma concentration (Cpj, predicted pharmacodynamic effect, and the corresponding values 
of qE5O (measured effect) in the subjects. (B) Relation between effect-site concentration (from the pharmacokinetic-pharmacody- 
namic model) and the observed cE50 in the subjects. The dotted line is the sigmoidal function that predicts 9,50 from the effect-site 
concentration. 

infusion of remifentanil at 0.05 pg - kg-' * min-', our 
pharmacodynamic model predicts that peak respiratory 
depression will occur approximately 5 min after the 
initial injection, and additional bolus doses of remifen- 
tanil during this time may be expected to exacerbate 
ventilatory depression. 

By using spectral analysis of the EEG as a measure of 
the effect of remifentanil on the central nervous system, 
Egan et al. observed an onset Tl12 of 1.6 min.' This is 
approximately 60% of the T,12 that we observed for 
respiratory depression. This difference may be related in 

12 R- 1 Measuredl I 
I 

L .' .'?" 4 
I 

2 1  I 
0 1  
0 2 4 6 8 10 12 14 16 18 20 

Time (rnin) 

part to the fact that the surface EEG and ventilatory drive 
depend on different neural pathways; it also may be 
related to the finding that, in the previous investigation, 
much larger doses of remifentanil (30-60 pg/kg) were 
administered. Differing blood flows, blood- brain barrier 
characteristics, and neural responsiveness to opioids 
may contribute to a difference in the time necessary for 
pharmacodynamic effects to develop. The fact that the 
EC,,, for ventilatory depression, 1.1 ng/ml, was appre- 
ciably lower than the 19.9 ng/ml reported by Egan et al. 
for EEG spectral edge depression' suggests that there are 
significant regional differences in opioid responsiveness 
within the central nervous system. This also corresponds 
to the clinical observation that patients may be apneic 
yet awake after intravenous administration of rapidly 
acting opioids. 

Kapila et al. characterized the pharmacodynamic ef- 
fect of remifentanil by monitoring recovery of V, at 
F E T ~ : ~ ,  = 7.5% after a 3-h infusion.* In that context, they 
found the offset Tl12 to be 5.4 min. This is similar to the 
offset Tl12 of 6.2 min observed in the current study, 
confirming that the recovery from the ventilatory effect 
of remifentanil essentially is independent of the duration 
of administration. Dershwitz et al. also followed ventila. 
tory drive by measuring VE at FICO, = 7.5% before, 
during, and after a 4-h remifentanil infusion.9 Based on 
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in respiratory depression during remifentanil infusion, 
suggesting that some degree of tolerance was develop- 
ing. Acute tolerance may explain why the EC,, for V, 
that we observed after a single dose of remifentanil was 
appreciably lower than the EC,, observed after a 3- or 
4-h infusion. 

When remifentanil is used during general anesthesia 
with an established airway, ventilatory depression is not 
a major concern. However, when it is used as an anal- 
gesic in awake patients during monitored anesthesia 
care, the ventilatory depressant effects of remifentanil 
pose certain challenges. For example, ventilatory depres- 
sion is not instantaneous; this mandates waiting a suffi- 
cient period of time (= 2.5 min) for the peak effect of 
first dose to develop before additional remifentanil is 
administered to avoid the risk of “stacking” doses and 
producing apnea. The finding that our subjects did not 
become apneic despite rapid administration of remifen- 
tanil suggests that stimulation of ventilation with a mod- 
est concentration (= 4%) of carbon dioxide might pre- 
vent apnea when remifentanil is administered for 
monitored anesthesia care. 

The “dual isohypercapnic” method enabled us to de- 
termine ventilatory drive at 30-s intervals after remifen- 
tanil injection. Step-ramp rebreathing methods (e.g., 
Read rebreathing technique)” take several minutes to 
accomplish and necessitate a resting period between 
determinations, making them unsuitable for assessing 
rapid changes in ventilatory drive after a single dose of a 
short-acting drug. By measuring ventilatory drive in the 
46- to 56-mmHg range, we reduced the likelihood of 
being on the “hockey stick” portion of the carbon diox- 
ide response curve; this was confirmed by the finding 
that none of the subjects became apneic at either carbon 
dioxide tension after remifentanil. 

A potential shortcoming of our study is that we did not 
measure plasma remifentanil levels directly; rather, we 
relied on previously published pharmacokinetic param- 
eters to predict plasma concentrations in the subjects. 
Although there is significant interindividual variability in 
these parameters, the effect of this variability can be 
minimized by using pooled rather than individual data to 
perform the pharmacodynamic modeling. In fact, phar- 
macokinetic variability may help to explain the great 
variability in pharmacodynamic values that we observed 
when these were calculated using individual rather than 
pooled data. 

In summary, we found that, in doses typically used 

during monitored anesthesia care, a single dose of 
remifentanil causes both a downward shift and a de- 
crease in the slope of the ventilatory response to carbon 
dioxide. The onset for ventilatory depression was of 
longer duration than that reported for EEG depression, 
and peak ventilatory depression occurred approximately 
2.5 min after remifentanil injection, suggesting that it is 
necessary to wait at least this long to assess ventilatory 
effects before administering additional medication. Re- 
covery of ventilation was essentially complete within 15 
min, consistent with the short elimination half-life of 
remifentanil. Differences between the EEG and ventila- 
tory effects of remifentanil, as reflected in onset time and 
EC,, help to explain the clinical observation that 
remifentanil may cause apnea in patients who are awake 
and responsive to verbal command. 
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