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Sex-related Differences in the Influence of

Morpbhine on Ventilatory Control in Humans
Albert Dahan, M.D., Ph.D.,* Elise Sarton, M.D.,T Luc Teppema, Ph.D.,+ Cees Olievier§

Background: Opiate agonists have different analgesic effects
in male and female patients. The authors describe the influ-
ence of sex on the respiratory pharmacology of the u-receptor
agonist morphine.

Methods: The study was placebo-controlled, double-blind,
and randomized. Steady-state ventilatory responses to carbon
dioxide and responses to a step into hypoxia (duration, 3 min;
oxygen saturation, ~82%; end-tidal carbon dioxide tension,
45 mmHg) were obtained before and during intravenous mor-
phine or placebo administration (bolus dose of 100 ug/kg,
followed by a continuous infusion of 30 ug-kg '-h ') in 12
men and 12 women.

Results: In women, morphine reduced the slope of the venti-
latory response to carbon dioxide from 1.8 + 0.9 to 1.3 = 0.7
1'min '-mmHg ' (mean = SD; P < 0.05), whereas in men
there was no significant effect (control = 2.0 = 0.4 vs. mor-
phine = 1.8 + 0.4 1- min '-mmHg ). Morphine had no effect
on the apneic threshold in women (control = 33.8 + 3.8 vs.
morphine = 35.3 + 5.3 mmHg), but caused an increase in
men from 34.5 * 2.3 to 38.3 = 3 mmHg, P < 0.05). Morphine
decreased hypoxic sensitivity in women from 1.0 + 0.5
I'min "% 'to 0.5 + 0.4 1-min '-% ' (P < 0.05) but did not
cause a decrease in men (control = 1.0 + 0.5 - min '-% " vs.
morphine = 0.9 + 0.51-min '-% '). Weight, lean body mass,
body surface area, and calculated fat mass differed between
the sexes, but their inclusion in the analysis as a covariate
revealed no influence on the differences between men and
women in morphine-induced changes.
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Conclusions: In both sexes, morphine affects ventilatory
control. However, we observed quantitative and qualitative dif-
ferences between men and women in the way morphine af-
fected the ventilatory responses to carbon dioxide and oxy-
gen. Possible mechanisms for the observed sex differences in
the respiratory pharmacology of morphine are discussed.
(Key words: Carotid body; central chemoreceptors; dynamic
end-tidal forcing; estradiol; female; hypercapnic ventilatory
response; hypoxic ventilatory response; male; p-opiate recep-
tor; opiates; peripheral chemoreceptors; progesterone; respi-
ration; steady-state method; testosterone; ventilation.)

ANESTHESIOLOGISTS are often confronted with the
large variable effects of opioids in the delivery of ade-
quate analgesia in patients with acute and chronic pain.
Animal studies, particularly those using inbred strains
of mice and rats, indicate that this variability is related
in part to genetic differences in pain sensitivity, in the
analgesic potency of exogenously administered opioids,
and in the response of the endogenous opioid system
to pain and stress.' ” Many observations in humans have
demonstrated sex-related differences in pain sensitiv-
ity.”” Recent studies in rodents and humans revealed
the existence of important sex-related differences in the
antinociceptive responses to opiates.” '’ For example,
male rodents displayed significantly greater levels of -
and k-opiate - induced analgesia compared with female
animals.” '* Strain- and sex-related differences are not
restricted to the analgesic properties of opioids but also
involve other opioid-mediated behaviors such as loco-
motor activity, learning, memory, and addiction.”
Surprisingly, no studies have systematically investi-
gated the interaction of genotype (sex and other genetic
factors) and opioids on ventilatory control. Respiratory
depression is a serious side effect, especially of y-opiate
receptor (MOR) agonists. Therefore we designed this
study to obtain information about the influence of sex
on morphine-induced respiratory depression. The in-
fluence of intravenous morphine on the hypercapnic
and tested in
healthy, young male and female volunteers in a placebo-
controlled, double-blind, randomized study design.

hypoxic ventilatory responses was
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Materials and Methods

Participants and Apparatus

Twenty-six healthy, nonsmoking volunteers (13 men,
13 women; aged 18-35 yr) were recruited after proto-
col approval by the Leiden University Committee on
Medical Ethics. None of the volunteers was taking any
medications. All women reported normal menstrual cy-
cles. In this initial study, the phase of their menstrual
cycle was not prospectively controlled. Sexually active
women underwent a pregnancy test on the morning of
the study. The volunteers were instructed not to eat or
drink for at least 8 h before the study. They were not
informed about respiratory physiology and the inten-
tions of the study, but they did receive information on
the nature and risks of the study as well as the possible
side effects of morphine. All gave informed consent
before their participation.

The volunteers were seated in a comfortable position
and breathed through a face mask (Vital Signs, Totawa,
NJ) positioned over the mouth and nose (a nose clip
was not used). The inspired and expired gas flows were
measured using a pneumotachograph connected to a
differential pressure transducer (Hewlett Packard, An-
dover, MA) and electronically integrated to yield a vol-
ume signal. The volume signal was calibrated with a
motor-driven piston pump. Corrections were made for
changes in gas viscosity due to changes in oxygen con-
centration of the inhaled gas mixture. The subjects re-
ceived a gas mixture with a flow of 45 1/min from a gas-
mixing system consisting of three mass flow controllers
(Bronkhorst High Tec, Veenendaal, The Netherlands)
through which the flow of oxygen, carbon dioxide, and
nitrogen could be set individually at a desired level. A
PDP mini computer (Digital Equipment Co., Maynard,
IA) provided control signals to the mass flow controllers
so that the composition of the inspired gas mixture
could be adjusted to obtain the desired end-tidal carbon
dioxide concentration (P;;CO,) and end-tidal oxygen
concentration (P;O,). The oxygen and carbon dioxide
concentrations of inspired and expired gas were mea-
sured using a gas monitor (Multicap; Datex, Helsinki,
Finland). The gas monitor was calibrated with £4as mix-
tures of known concentrations. A pulse oximeter (Satel-
lite Plus; Datex) continuously measured the oxygen sat-
uration (SpO,) of arterial hemoglobin with a finger
probe.

Study Design
The study was placebo-controlled and had a double-
blind, randomized design. Initially, all volunteers were
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studied in two sessions separated by at least 2 weeks.
In one of these sessions, control studies were followed
by morphine studies (morphine session), and in the
other, placebo (0.9% NaCl) studies followed the control
studies (placebo session). The sequence of placebo and
morphine sessions was randomized. Normal saline,
morphine, or placebo were administered via an intrave-
nous access line. To prevent any disturbance of the
participants, the agents were delivered from an adjacent
room by an infusion pump (Becton Dickinson, St.
Etienne, France) connected to the participant via a 4-
m line."" Saline was infused during control studies at a
rate of 6 ml/h, and morphine and placebo (dissolved in
saline; concentration = 0.5 mg/ml) were given as a
bolus of 100 ug/kg, followed by a continuous infusion
of 30 pg-kg '-h™'. Morphine and placebo studies
started 40 min after the bolus was given. After data
analysis, we invited all the female participants for a
third session to study the influence of the phase of
the menstrual cycle on morphine-induced respiratory
changes.

End-tidal Carbon Dioxide and Oxygen Tension

Patterns

The ventilatory responses to hypercapnia and acute
hypoxia were obtained using the computer-driven ‘‘dy-
namic end-tidal forcing” technique. A detailed descrip-
tion of this technique has been published." Briefly, by
manipulating the inspired gas concentrations, indepen-
dent of changes in ventilation or mixed venous return,
this technique enabled us to force end-expiratory car-
bon dioxide and oxygen tensions (P CO, and P;0O,)
to follow a prescribed pattern in time. In this study, we
obtained steady-state ventilatory carbon dioxide re-
sponse and ventilatory responses to a step from nor-
moxia into hypoxia.

Control and morphine/placebo studies started with
the assessment of resting P;CO, and V, during inhala-
tion of a normoxic gas mixture without inspired carbon
dioxide. Thereafter, hypoxic or hypercapnic studies
were performed in a randomized order.

For the carbon dioxide study, 6 to 10 elevations in
P CO, were applied to obtain data points for the
steady-state ventilatory response. The elevations varied
from 3-19 mmHg. The elevated P,,CO, readings lasted
at least 8 min. When on-line analysis revealed that a
ventilatory steady state had not been reached, the dura-
tion of hypercapnia was extended. The order of eleva-
tions was arbitrarily chosen. For the oxygen study,
P CO, was maintained at a constant value of 45 mmHg

*—T
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to offset any increase in P CO, due to depression of
V, by morphine during all protocols. The pattern of

PO, was as follows: (1) 5-10 min at 110 mmHg, (2)
a step decrease to 49 mmHg, (3) maintenance at 49
mmHg for 3 min, and (4) 7-min inhalation of a hyper-
oxic gas mixture (inspired oxygen fraction, ~0.70).

Nonrespiratory Data

Venous blood was drawn on each occasion before
ventilatory measurements were made to determine se-
rum progesterone and estradiol levels in women and
testosterone and estradiol levels in men. To obtain infor-
mation on nonrespiratory measures of morphine action,
the following data were collected, at the end of control
and placebo and morphine studies: the diameter of the
pupil (obtained at constant indoor lighting), the central
nervous system arousal state using a simple six-point
observers’s assessment of alertness and sedation scale
(from O = normal alertness to 5 = closed eyes and
unarousable; see Sarton et al.'®), and the occurrence of
nausea and itch.

Lean body mass (LBM) and body surface area (BSA)
were calculated from weight (in kilograms) and height
(in centimeters) using the following formulas'’~'*:

LBM (men) = 1.1-weight — 128 (weight/height)*;
LBM (women) = 1.07 - weight — 148 - (weight/height)?;

BSA

Il

(weight)"** - (height)’ 7% - 0.007184.

The body fat percentage was calculated as ([weight —
LBM]/weight - 100%).

Data Analysis

Resting Values. Baseline P CO, and V, were as-
sessed by taking the average of ten breaths after the
volunteers had been breathing the normoxic gas mix-
tures for 10-15 min in the control studies and for about
50-55 min in the morphine and placebo studies (this
period includes 40 min of morphine or placebo adminis-
tration).

Carbon Dioxide Studies. The elevated P.,CO, and
the corresponding V, breath-to-breath data were aver-
aged for 10 breaths. Data points were obtained at the
end of the Pi;CO, elevation (that is, after at least 8 min).
This procedure yielded 6 to 10 steady-state data points.
We expressed V, as a linear function of P.;CO,:

Vr= S(P:CO; — B)

where S is the ventilatory carbon dioxide sensitivity and
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B is the apneic threshold or extrapolated P;CO, at
zero V,. Parameters S and B were determined by linear
regression of V, on PerCO,. i

~ Oxygen Studies. Mean values of the breath-to-breath
Vi and SpO, were calculated for the last 10 breaths of
normoxia and the last 10 breaths of hypoxia (i.e., during
3 min of hypoxia). The difference between these two
data points, expressed as 1-min ' [change in SpO,
(%)) " is called hypoxic ventilatory sensitivity (H). The
normoxic data point (obtained at P.,CO, = 45 mmHg)
is abbreviated N,s.

Blood Samples. Serum progesterone, estradiol, and
testosterone levels were determined by radioimmunoas-
say (Diagnostic Products Co., Los Angeles, CA; Orion
Diagnostics, Espoo, Finland; Byk-Sangtec Diagnostica,
Dietzenbach, Germany, respectively). The intra- and in-
terassay coefficients of variation for progesterone were
3.9% and 5.6%, for estradiol 7.3% and 5.1%, and for
testosterone 6.3% and 7.4%, respectively. Reference val-
ues (95% range) obtained from women without fertility
problems are for progesterone: follicular phase = 0.5
— 4.6 nm (median = 1.3 nm) and luteal phase = 5.1 —
67 nm (median = 22 nm); and for estradiol: follicular
phase = 37 — 285 pm and luteal phase 51 — 872 pm.

Statistical Analysis

Treatment versus Control. To detect an effect of
placebo versus control or morphine versus control,
paired # tests were performed on the individual parame-
ter values in both sexes. In men, linear regression analy-
sis of testosterone and estradiol concentrations (ob-
tained in the morphine sessions) on morphine-induced
changes in the individual values were performed. Proba-
bility values <0.05 were considered significant.

Men versus Women. Because each morphine or
placebo study was preceded by a control measurement,
t tests were performed on the parameter differences
between control and treatment (7Z.e., As). The differ-
ences of the means were considered significant at P <
0.05. The a posteriori statistical power for the test on
the morphine-induced changes in S, B, and H with sex
as treatment was 69%, 53% and 78%, respectively.*’

To determine if factors such as body weight, height,
LBM, BSA, and calculated fat percentage significantly
influenced morphine-induced changes in S, B, and H,
an analysis of covariance was performed for sex and
these factors as covariates. An effect of covariates was
considered significant at P < 0.05.

Follicular versus Luteal Phase. For the effect of
the follicular or luteal phase of the menstrual cycle
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Table 1. Anthropometric Data of the Subjects

Men Women

No. of subjects 12 12

Age (yr) 25168817 248 + 45
Weight (kg) 76.6 + 6.7 64.9 = 9.9
Height (cm) 182.0 + 6.9 720} 22 AL 55
Body surface area (m?) 1.97 + 0.1 1.76 = 0.14*
Lean body mass (kg) Bili6F==13 4785 4255
Calculated body fat mass (%) e 22 B 2AGEESAN X

SD.
*P < 0.05, Student’s t test.

Values are mean -

paired 7 tests were performed on individual values. Fi-
nally, linear regression analysis of progesterone and es-
tradiol concentrations on morphine-induced changes in
individual values were performed.

Results

Sex Differences

One man and one woman did not complete the mor-
phine session because of nausea and vomiting. Their
data were discarded. As expected, analysis of the an-
thropometric data showed that the men, compared
with the women in our group, were heavier, taller, and
had higher LBM and BSA values and lesser calculated
fat mass (table 1). Table 2 shows the nonrespiratory
variables. They indicate that the occurrence or magni-
tude of the nonrespiratory effects of morphine was simi-
lar in men and women. With respect to the observers’s
assessment of alertness and sedation scale, all partici-
pants were either not sedated (score = 0) or drowsy

and light-headed with open eyes and responsive to com-
mand (score = 1).

Table 2. Nonrespiratory Data: Sedation Score, Occurrence of Itching,

in Pupil Diameter from Control (A)

Table 3. Influence of Morphine on Ventilatory Control in
Men and Women

Control Morphine

Men

PETco, (MmHg)* 39.0==115 42.8 + 2.3t

V, (L-min")* 10.8 + 1.6 9.5 + 1.8¢

S (L-min "-mmHg ) 2(0) == [0) 41 1163) =2 (04!

B (mmHg) 34.5 =23 38i3 == 30F

Nus (L-min ") 20.4 = 4.5 U2 22 7 L0he

H(L-min""-9% ") 1140 22015 0.9 + 0.5
Woment

PETco, (MmHg)* SIESFE2I8S 436 (6 (0

Vi (L-min)* 9.4 + 1.6 7.9 = 1.31§

S (L-min~"-mmHg ) 1.8 = 0.9 1.8 =10i7HS

B (mmHg) 33.8 + 3.8 851351310

Nus (L-min ") 19.1 = 9.4 10.6 = 6.3%

H(L-min""- %" 1140 22 (05 0.5 * 0.41+§

Values are mean + SD.

* Data obtained without inspired carbon dioxide.
t Follicular phase, n = 5; luteal phase, n = 7.
/2
§P -

0.05, morphine versus control.
0.05, women versus men.

In contrast to placebo, which left all determined vari-
ables and parameters unaffected, morphine affected
ventilatory control in both sexes (table 3). However,
carbon dioxide and oxygen responses were affected by
morphine in a different way in the male and female
participant groups. Figure 1 shows the steady state ven-
tilatory responses to carbon dioxide of a male and fe-
male volunteer. It exemplifies the general observation
in men that, after morphine is given, the ventilatory
carbon dioxide response curve is shifted to higher
P CO, levels with no change in S, whereas in women. S
is reduced, with no change in B (see table 3 for means).
Morphine shifted normoxic ventilation at P CO, of 45

Nausea/Vomiting, and Change

Placebo

Morphine
Men Women Men Women
LOAA/S score 0 (n) 10 9 8 7
LOAA/S score 1 (n) 2 3 4 5
Itch (n) 0 0 3 8
Nausea/vomiting (n) 0 0 2 4
A pupil diameter (mm) 0}l == (012 0.0 + 0.2 =2.25-0019 =22 2= 05

LOAA/S score
is number of subjects, total number of subjects is 24 (12 men and 12 women)

Anesthesiology, V 88, No 4, Apr 1998

Leiden observers’ assessment of alertness/sedation score (score 0 = normal alertness; score 1

= drowsy or light headed with open eyes); n
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A male B female
35 -
] 35+
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50 - ® men control response
O men morphine response
g o101 - ® women control response
',': O women morphine response
E 30 -
i
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o "’" ’I L T v 1
30 40 50 60

PETCOZ (mmHg)

Fig. 1. The ventilatory response to carbon dioxide obtained in a man (4) and a woman (B). The squares and circles are steady
state V,-PCO, data points. The continuous lines through the data points are the linear regression lines. The slope of the
regression line is the ventilatory carbon dioxide sensitivity or S. Broken lines are drawn to illustrate the values of the apneic
threshold (that is, the extrapolated intercept with the x axis or B). (4) Control: S = 1.6 1- min '“mmHg ', B = 33 mmHg;
morphine: $ = 1.4 1-min '-mmHg ', B = 40.8 mmHg. (B) Responses obtained from a woman in the follicular phase of her
menstrual cycle. Control: S = 1.5 I-min '-mmHg ', B = 33 mmHg; morphine: S = 0.8 1-min '-mmHg !, B = 34.5 mmHg. (C)
Morphine-induced respiratory depression in men and women (mean responses, both groups n = 12). Morphine increased the

magnitude of B in men without affecting S; In women, S was reduced but B remained unchanged.

mmHg to the same extent in men as in women. This is
not surprising, because the ventilatory response curves
after morphine administration in men and women piv-
oted at a Pi;CO, of about 45 mmHg (fig. 1). However,
in contrast to the response in men, the hypoxic sensitiv-
ity was depressed in women by about 50%. Table 3 lists
the mean values of the parameters.

Morphine-induced changes in ventilatory carbon di-
oxide sensitivity (AS), apneic threshold (AB), and hyp-
oxic sensitivities (AH) differed significantly between
men and women (table 4 and fig. 2). Inclusion of the

Anesthesiology, V 88, No 4, Apr 1998

anthropometric factors weight, height, LBM, BSA, and
calculated fat mass as covariates in the analysis revealed
that none had a significant influence on the difference
in AS, AB, or AH between men and women.

In figure 3 we plotted the hypoxic sensitivities against
the carbon dioxide sensitivities (obtained from the mor-
phine sessions) of individual participants. Correlation be-
tween carbon dioxide and oxygen studies was good (r =
0.84; n = 24; P < 0.0001). Morphine caused about 60%
greater changes in H than in S. Note that 11 women
showed a reduction of the hypoxic and hypercapnic sensi-
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Fig. 2. Morphine- and placebo-induced changes in the ventilatory carbon dioxide sensitivity and the hypoxic ventilatory sensitiv-
ity in men (A) and women (V). Mean data are + 1 SD. Women versus men: *P < 0.05.

tivities by >20%. In contrast, only four men had a concom-
itant reduction of S and H due to morphine >20%.

Follicular Phase versus Luteal Phase, Sex

Hormones

Two women did not return for a third session, one
because of pregnancy and one because of nausea in the

o

~
1

()

® females
O males

CO, morphine response (% of control)
®

0 T T T T
0 .2 4 6 .8

-

T T
T2 A 16
O, morphine response (% of control)

Fig. 3. The ventilatory carbon dioxide sensitivity after mor-
phine versus the hypoxic ventilatory sensitivity after mor-
phine in men (O) and women (®). The values are percentages
of control. The correlation between hypoxic and hypercapnic
data is good: r = 0.84, P < 0.0001. The line through the data
is obtained from linear regression analysis on all data points
(n = 24, slope = 0.43). Note that all 12 women and 5 of the men
have a concomitant depression of hypoxic and hypercapnic
responses after morphine administration (data points are
shown in the lower left quadrant of the figure).

Anesthesiology, V 88, No 4, Apr 1998

earlier morphine study. Data from a third volunteer was
discarded because she had an anovulatory cycle (as indi-
cated by a progesterone value of 5.7 nm in the luteal
phase). In the remaining nine women, we observed
that apart from control resting P;;CO,, plasma proges-
terone, and estradiol concentrations, none of the mea-
sured or calculated parameters differed between phases
(table 5). Linear regression analysis of serum progester-
one and estradiol concentrations on AS and AH re-
vealed no significant correlation.

In men, linear regression analysis of the serum testos-
terone and estradiol session on AB (obtained from the
morphine session) showed no significant correlation.

Discussion

We observed differences in the influence of an analge-
sic dose of morphine on the steady state ventilatory
response to carbon dioxide and the isocapnic ventila-
tory response to acute hypoxia in men and women.
Both sexes showed respiratory depression after mor-
phine, as demonstrated by the increase in resting
PiCO, and decrease in resting V, (table 3). However.,
women showed a decrease of the ventilatory carbon
dioxide and hypoxic sensitivities by 30% and 50%, re-
spectively. This contrasts sharply with our findings in
men that showed no significant effect of morphine on
the ventilatory oxygen and carbon dioxide sensitivities.
Their oxygen and carbon dioxide responses were
shifted in a parallel manner to lower V, levels. The 95%
confidence intervals for the male morphine carbon di-
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Table 4. Influence of Sex on Morphine- and Placebo-induced
Changes in Ventilatory Control

Men Woment
Placebo
APETco, (MmHg)* —0.12 + 0.9 -0.1 + 0.8
AV, (L-min")* 0.6+ 1.8 -0.04 + 1.0
AS (L-min '-mmHg ") QN0 0.04 + 0.3
AB (mmHg) OI8EE L5 OL78-E5119)
ANys (L-min™") 0:8 =524 =0:2 -£83.3
AH (L-min "= % ) 0.0 = 0.2 0.1 = 0.2
Morphine
APETco, (MMHg)* 3.5+ 09 4.0+13
AV, (L-min ) 183} V11 —1.6 =15
AS (L-min~'-mmHg ") —0.1 = 0.3 —0.5 + 0.4%
AB (mmHg) 4202 =5 =180
ANgs (L-min") = 814 =E1380 —8i5 == 5.5
AH (L-min~"- %) -0.2 +£ 0.2 — 015 +=10.3F

A = difference between morphine or placebo and control
Values are mean + SD.
* Data obtained without inspired carbon dioxide.

T Placebo session: women in follicular phase, n = 7; in luteal phase, n = 5;
morphine session: women in follicular phase, n = 5; in luteal phase, n = 7.

¥ P < 0.05, women versus men.

oxide and oxygen sensitivities (defined as the ratio of
morphine response to control response) places the
male morphine responses between 0.86-1.04 and
0.69-1.00 times the control S and H responses, respec-
tively. The confidence intervals for the men exclude
the corresponding values for women (95% confidence
intervals of women: morphine S = 0.65-0.80 times
control S; morphine H = 0.35-0.63 times control H).
Thus, although we cannot exclude a small effect on H
and S in men, our data indicate quantitative differences
in the morphine responses between men and women.
Further, the absence of a shift of the V-P.,CO, response
in women compared with a shift in men may reflect a
qualitative rather than a quantitative difference. It sug-
gests that the mechanism of ventilatory depression by
morphine differs between the sexes.

Although it is of interest to compare our findings with
studies from the literature (see references 21 through
29), direct comparisons are difficult for various reasons:
(1) none of the studies was designed to test the influ-
ence of sex on opioid-induced respiratory depression;
(2) the sample sizes were small; (3) there were differ-
ences in agents,”"** doses,”*" species,”*® and central
nervous system arousal states”*’; and (4) the methods
to assess carbon dioxide- and oxygen-mediated control
of breathing differed from our steady state method (.e.,
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a technique that generates a constant P.,CO, and PO,
input to the ventilatory control system).”***** Studies
by Loeschcke et al.*” and Bourke and Warley®® compare
best with ours. They describe the influence of morphine
on the V-CO, response in six and four men, respec-
tively. In agreement with our findings in men, both
studies demonstrated a shift of the steady state V-
P CO, response curve to lower V, levels without a
significant change in slope.

In women, ventilatory drives are generally higher in
the luteal than in the follicular phase. This is reflected by
lower resting Py;CO, levels.”’ ** This higher ventilatory
drive is thought to be related to the action of progester-
one and estrogen. Progesterone increases breathing via
hypothalamic sites through estrogen-dependent recep-
tors.” We anticipated that the morphine-induced de-
pression of S and H could vary between the two phases
of the menstrual cycle. In our study, women in the
luteal phase were hyperventilating compared with their
follicular phase, as indicated by the lower control
P CO, (table 5). There was a tendency for control S
and H to be greater in the luteal phase, but this did not
reach the level of significance. Similar observations have
been documented previously.””** The observation that
the values of S, H, and P CO, after morphine did not
differ between follicular and luteal phases (table 5),
together with the absence of a significant correlation
between serum progesterone and estradiol concentra-

Table 5. Influence of Phase of Menstrual Cycle on Morphine-
induced Respiratory Depression

Follicular Phase Luteal Phase

PETco, control (mmHg)* 38:3:=12.3 3615142 3
PETco, morphine (mmHg)* Aile3=13 ] 39.8¢=.8.2
V, control (L-min~")* 10.2 + 1.7 10.2 = 1.2
V, morphine (L-min~")* 8.4 +1.0 813 = 4
S control (L-min~'-mmHg ) Uo7 250K 20) 2= 90
S morphine (L-min '-mmHg ) 1E8ES016 51008
B control (mmHg) 831045 8810} 1415
B morphine (mmHg) 345 + 6.8 3310,=5.8
N,s control (L-min ") eAl == 7158 22 5581010
N4s morphine (L-min ") 121 2= G5 Wk ies 75
H control (L-min "-% ) el 22 015 251016
H morphine (L-min "% ) 0.6 + 0.4 0.5+ 0.4
Day of menstrual cycle (625 2 23 =8
Progesterone (nM) 25182018 2108166
Estradiol (pM) 170.3 + 164.6 348.7 = 133.3}

Values are mean + SD; n = 9.
* Data obtained without inspired carbon dioxide.
KEe=10.05

.S,
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tions and AS and AH leads us to conclude that temporal
changes in female gonadal hormones did not influence
opioid-induced respiratory depression in nonpregnant
women. Whether these findings would also hold true
at higher progesterone concentrations, as during preg-
NANCY 3
the difference in P CO,s between the two phases of
the menstrual cycle during morphine administration
suggests that the effect of morphine on metabolic rate
overrides the progesterone effect.

Mechanisms of Sex-related Differences

We did not measure morphine or morphine metabo-
lite concentrations in plasma or cerebrospinal fluid. It
is therefore possible that at least part of the observed
differences in the effects of morphine on the ventilatory
control between men and women is due to sex differ-
ences in morphine’s pharmacokinetics. For example,
lower morphine concentrations or lower levels of mor-
phine-6-glucuronide, one of morphine’s active metabo-
lites, in the brain stem or at other target sites (e.g., MOR
occur in the carotid bodies)** in men compared with
women may explain, to some extent, the absence of a
significant depression of the hypoxic and hypercapnic
ventilatory sensitivities in men compared with a signifi-
cant depression in women. We reviewed animal and
human data from the literature and took into account
the indirect data from our study to obtain information
on the existence of sex differences in the kinetics of
morphine that could explain our results.

Animal Studies. Cicero et al.®® showed identical
peak concentrations of morphine in blood and brain
and elimination half-lives in male and female rats after
subcutaneous administration (dose range, 2.5-20 mg/
kg). Furthermore, they report no sex differences in free
and protein-bound morphine concentrations in blood.’
Candido et al.,”” on the other hand, showed a 20%
higher brain morphine concentration in male compared
with female mice after a 4 mg/kg injection. Craft et
al** observed no sex differences in blood and brain
morphine concentrations 20 min after subcutaneous
morphine, but they did finder higher brain levels in
male rats 60 min after injection. It is of interest to note
that sex-related differences in the analgesic properties
of morphine are observed after intracerebroventricular
injection of morphine in rats (dose range, 1-40 pg).*
It is clear that the results of these studies do not corre-
spond with the hypothesis of differential pharmacoki-
netics as an explanation of our findings because none
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deserves further study. The disappearance of

showed lower blood or brain morphine concentrations

in male animals.

Human Studies. There is a paucity of data with re-
spect to the influence of sex on the pharmacokinetics of
morphine. We retrieved two studies from the literature.
Both indicate the absence of sex influences on mor-
phine’s kinetics. The first studied morphine and mor-
phine-3-glucuronide levels in blood and cerebrospinal
fluid after intradural administration of morphine in
adults," and the second determined kinetic parameters
during continuous intravenous administration in a pedi-
atric population with sickle cell disease.*!

A sex difference in the metabolism of morphine may
be responsible for our results. Metabolites appear in the
blood within 10 min after morphine administration.*2*®
The major metabolite morphine-3-glucuronide (55%) is
inactive, but morphine-6-glucuronide (10-15%) is a res-
piratory depressant when given intracerebroventricu-
larly.™ In humans with normal renal function, intrave-
nous administration of morphine-6-glucuronide caused
no respiratory depression (as expressed by an increase
in Py CO,) or other signs of toxicity (e.g., sedation or
vomiting)."** This is probably due to the poor perme-
ability of morphine-6-glucuronide through the blood -
brain barrier.*”

Another possible explanation for our findings is that
blood effect-site equilibration times for morphine were
greater in men than in women. As a consequence, mor-
phine levels in the brain in men may not have reached
female (steady state) values at the time of the hypoxic
and hypercapnic studies. To understand the dynamics
of P;;CO, and V, during morphine infusion, a one-com-
ponent exponential was fitted through the V, data. A
similar procedure was performed on the PerCO, data.
The estimated time constants did not differ between
men and women and ranged from 2-7 min for each of
the data sets. This indicates that the time between the
start of morphine and the execution of the respiratory
responses (40 min) was at least six times the blood
(resplrdtorv) effect-site time constant, and a steady state
in V; and P, 1+CO, was attained before experiments were

begun in all participants.

The most compelling evidence that morphine’s effect
on the slope of the carbon dioxide response curve is
independent of dose comes from a study by Bourke
and Warley.”® They determined steady state ventilatory
carbon dioxide responses, in a group of men only, after
0.07 and 0.21 mg/kg doses of intravenous morphine.
They showed a parallel right shift of the carbon dioxide
response curve at 0.07 mg/kg and a further rightward

T
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shift at 0.21 mg/kg. At both doses (their highest dose

is twice the loading dose used in our study), the slope of

the response curve (Z.e., the carbon dioxide sensitivity)
remained identical to the control. They concluded that
the parallel shift of the steady-state carbon dioxide re-
sponse curve is specific to drugs that act on opioid
receptors (z.e., a qualitative effect). Because they did
not study women, it seems logical at this point to add
the qualification “'in male participants.”

In our study, analysis of covariance showed that none
of the anthropometric factors that could influence the
plasma morphine concentrations (weight, height, LBM,
BSA, and fat content) had a significant influence on the
differences between men and women in the effect of
a dose of morphine given based on weight on AS, AH,
and AB. Further, we did not observe any differences
in the measured nonrespiratory effects of morphine (ta-
ble 2). We are aware that the power of these tests
may have been inadequate to observe significant effects.
However, when viewed in light of the data from the
literature, we find no indications that our tests were
flawed (i.e., a type II error). It is evident that further
studies on the kinetics of morphine and its metabolites
in men and women are needed before we can conclude
definitely that morphine concentrations at target recep-
tor sites do not differ between men and women. For
now, all available information indicates that such differ-
ences were not sufficiently large to explain the sex
differences in the respiratory pharmacology of mor-
phine in our study.

We suggest that the sex differences in morphine-in-
duced ventilatory depression are genetic in origin and
that the underlying biological mechanisms are related to
the effects of sex steroids. Endogenous gonadal hormones
could mediate sex-related differences in neurobehavioral
responses through at least two possible mechanisms. (1)
They could be due to the mere presence or absence of
sex steroids (Z.e., acute effects). An example, relevant to
our study. is the observation that testosterone administra-
tion in hypogonadal adult men causes an increase in V,
and hypoxic response largely related to an increase in
metabolic rate.” Although an acute effect of testosterone
could explain our findings, control and placebo studies
did not show sex-related differences. An acute effect of
female sex hormones seems unlikely, because we ob-
served no difference in the respiratory effects of mor-
phine in the follicular and luteal phases of the menstrual
cycle. (2) The differences could also be due to long-term
developmental and organizational effects of sex steroids
that occur in prenatal and early postnatal life.”” As a result,
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there are differences in brain neurobiology and structure
(sexual dimorphism) between men and women. It is gen-
erally accepted that this mechanism is responsible for the
observation that the analgesic potency of morphine
and endogenous opioids is higher in men than in
women'>*"'* and the finding that the sexes modulate
pain using neurochemically and genetically distinct mech-
anisms."* This mechanism implies intrinsic sex-specific
differences in the central processing of information from
activated MOR in brain areas directly or indirectly in-
volved in respiratory control. Candidate areas are the lo-
cus ceruleus and the median preoptic area because both
may be specially involved in ventilatory control, possess
MOR, and show sexual dimorphism >~

We cannot exclude that, apart from sex-dependent
genetic determinants, sex-independent factors also may
have played a role in the outcome of our study. Some
indication for this is shown in figure 3. Morphine caused
a decrease of both the hypoxic and hypercapnic re-
sponses of >20% in 15 participants (4 men, 11 women)
compared with 9 volunteers who had relatively unaf-
fected hypoxic or hypercapnic responses.

In conclusion, we observed qualitative differences in
morphine-induced depression of respiration as deter-
mined by ventilatory carbon dioxide and oxygen re-
sponses between men and women. Although we cannot
exclude sex differences in the bioavailability of mor-
phine to the brain or the involvement of non-sex-re-
lated determinants, we hypothesize that the observed
differences are caused by sex differences in the central
nervous system response to activated MOR involved in
the induction of respiratory depression. Our study raises
many questions and issues for further study. For exam-
ple: How do our results relate to the influence of endog-
enous opioids on respiratory control? Is it possible to
extrapolate our findings to all drugs acting at MOR and
agents acting at k- and o-opiate receptors? Is there a sex
difference in the magnitude of the secondary depres-
sion of V; due to (long-term) hypoxia after morphine?>®
Our findings warrant further study of the sex-dependent
and sex-independent genetic factors on opioid- and an-
esthetic-induced respiratory depression. Inbred strains
of mice and rats may serve as the best model for this
purpose.

The authors thank Dr. Jeffrey Mogil for his critical reading of the
manuscript
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