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OBJECTIVE: To investigate the concentration-effect relation-
ship of hydromorphone by using two different methods to mini-
mize the hysteresis between concentration and effects.
DESIGN: Open study.
SUBJECTS: Twelve healthy volunteers.
MEASUREMENTS: The analgesic effect of hydromorphone,
evaluated as pressure pain thresholds (PPTs), and nonanalgesic ef-
fects, miosis and reduction of saliva production, were related to the
concentration of the opioid, analyzed by high performance liquid
chromatography. Hysteresis between the concentration and the
measured effects of hydromorphone was minimized by a link
model and system analysis.
RESULTS: Parameter estimation was successful using both
methods of hysteresis minimization. According to the link model,
the mean concentration of hydromorphone at steady state (Css50)
producing 50% of the Emax for reduction of saliva production was
6.7±3.0 nmol/L and the mean Emax, given as the fraction of base-
line salivation, was –1.1±0.2. Mean Css50 for reduction of pupil
size was 15±20 nmol/L, and mean Emax was –0.8±0.2. For analge-

sia, mean Css50 was 68±42 nmol/L and mean Emax was 1.8±2.2.
Similar results were obtained by using system analysis.
CONCLUSION: Hydromorphone demonstrated a high intrinsic
activity, producing miosis and dryness of the mouth. The analgesic
effect of hydromorphone at the dose used in this laboratory setting
was transient but significant. The link model and system analysis
were equally efficient at evaluating the relation between concen-
tration, and analgesic and nonanalgesic effects of hydromorphone,
and gave similar results. Both methods may be useful in the study
of pharmacodynamics of opioids.

Key Words: Effect modeling, Intravenous hydromorphone, Phar-
macodynamics

Relation effet-concentration après
l’administration d’hydromorphone par voie
intraveineuse : utilisation d’un modèle
compartimental de l’effet et d’une analyse de
système pour minimiser l’hystérésis des effets
OBJECTIF : Investiguer la relation effet-concentration de
l’hydromorphone en utilisant deux modèles différents pour minimiser
l’hystérésis entre la concentration et les effets.
MODÈLE : Étude ouverte.
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The analgesic and nonanalgesic effects of opioids are attributed
to interactions at opioid receptors within the central nervous

system, but peripheral opioid receptors may also be responsible for
analgesic and nonanalgesic effects encountered during opioid ther-
apy (1). Concentrations of opioids at the corresponding receptor
sites cannot be measured directly, whereas plasma concentrations
of opioids may be available.

The correlation between analgesia and plasma concentrations of
morphine (2,3) is poor. Interpretation of the results is complicated
by the presence of active metabolites of morphine and hysteresis of
the measured and/or evaluated effects in relation to observed
plasma concentrations of the given drug. For other more potent
opioids such as fentanyl and alfentanil, a closer correlation between
analgesic effect and plasma drug concentrations has been proposed
(4,5). However, plasma concentrations of these synthetic opioids
associated with analgesia exhibit wide interindividual variation
(5,6).

Increased knowledge of concentration-effect relationships for
opioids may improve the quality of analgesic therapy (7,8). This
may be achieved by facilitating the choice of adequate doses and
dosing intervals during patient-controlled analgesia with or without
background continuous infusions. Also, for perioperative opioid in-
fusions the relationship between opioid effects and concentration is
of crucial importance to provide safe antinociception during anes-
thesia without overdosing, which prolongs recovery (6). The anal-
gesic effect of opioids is difficult to quantify and compare between
individual subjects, whereas in healthy subjects, experimental pain
lacks the emotional components of clinical pain. Unlike analgesia,
side effects of opioids, such as miosis and decrease of saliva pro-
duction, can be measured accurately (9-12). The Emax model
(13,14) was applied after administration of morphine to healthy
subjects (9,11), where these nonanalgesic effects were shown to be
related to estimated effect compartment concentrations.

Compartment analysis defines a hypothetical effect compart-
ment in which the effect site concentration can be estimated (13,14).
System analysis, on the other hand, is based on hysteresis minimiza-
tion using a conductance function without assuming a specific com-
partmental structure for the pharmacokinetic-pharmacodynamic re-
lationship (15). Other models for study of the link between
concentration and effect are also possible, including the possibility
of disregarding the hysteresis of the observed effects and, thus, us-
ing the plasma concentration directly in the concentration-effect

analysis. This procedure may be useful for lipophilic, potent opioids
such as sufentanil or alfentanil, where hysteresis of the concentra-
tion and analgesic effect may be small (4,5) but may pose problems
in concentration-effect studies of more hydrophilic, less potent
opioids such as hydromorphone, used by different routes of admini-
stration as an alternative to morphine in the treatment of severe ma-
lignant pain (16,17) and postoperative pain (18,19).

Previously reported analgesic and nonanalgesic effects after in-
travenous administration of hydromorphone to 12 healthy volun-
teers appeared to be related to plasma concentrations of the drug
(12). The effect variables comprised analgesia, studied as pressure
pain thresholds (PPTs), and nonanalgesic effects of hydromor-
phone, measured as miosis and saliva production. To better charac-
terize the concentration-effect relationship of hydromorphone,
individual data from the previous study were investigated further.
The observed hysteresis between plasma concentrations of hydro-
morphone over time and concomitant measurements of effects was
minimized by using compartment and system analysis.

SUBJECTS AND METHODS
Twelve healthy volunteers, seven men and five women ages 23 to
40 years and weighing 70.5±8.4 kg (mean ± SD), participated in the
study after giving their written, informed consent. Subjects were all
well known to the investigators, had no history of drug or alcohol
abuse and were found to be healthy in the prestudy examination,
which included physical examination, and blood and urine chemistry.

The study was approved by the ethics committee of the Univer-
sity of Lund, Lund, Sweden and by the Swedish Medical Products
Agency, Uppsala, Sweden.

Details of the subjects, measurements, procedure and pharma-
cokinetics have been given previously (12).

Procedure and measurements
After an overnight fast, the subjects received an intravenous infu-
sion of 2 mg hydromorphone hydrochloride (6.22 µmol hydromor-
phone hydrochloride) over 20 mins in an antecubital vein. Venous
blood samples were drawn from a short indwelling catheter in the
other arm before the infusion and at 5, 10, 20, 25, 30, 45, 60, 80 and
100 mins, and at 2.17, 3.17, 4.17, 5.17, 6.17, 8.17, 11.17, 14.17,
24.17, 30.17, 48.17 and 72.17 h after the start of the infusion.
Plasma samples were prepared and assayed for hydromorphone by
high performance liquid chromatography (12).
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SUJETS : Douze volontaires sains.
MESURES : L’effet analgésique de l’hydromorphone évalué comme
seuils de la douleur à la pression, et les effets non-analgésiques, le
myosis et la réduction de la production de la salive ont été reliés à la
concentration de l’opioïde et analysés par chromatographie liquide à
haute performance. L’hystérésis entre la concentration et les effets
mesurés de l’hydromorphone a été minimisée par un modèle en chaîne
et une analyse de système.
RÉSULTATS : L’estimation des paramètres a été concluante avec
l’utilisation des deux méthodes de minimisation de l’hystérésis.
D’après le modèle en chaîne, la concentration moyenne
d’hydromorphone à l’état d’équilibre (Css50) produisant 50 % de l’effet
maximal (Emax) pour la diminution de la production de la salive était
de 6,7±3,0 nmol/L et le Emax moyen déterminé comme la fraction de la

salivation à l’état basal était de –1,1±0,2. La Css50 moyenne pour la
réduction de la taille de la pupille était de 15±20 nmol/L et le Emax

moyen était de –0,8±0,2. Pour l’analgésie, la Css50 moyenne était de
68±42 nmol/L et le Emax moyen était de 1,8±2,2. Des résultats
similaires ont été obtenus en utilisant l’analyse de système.
CONCLUSION : L’hydromorphone a démontré une forte activité
intrinsèque, produisant un myosis et une sécheresse de la bouche.
L’effet analgésique de l’hydromorphone à la dose utilisée dans cet
essai était transitoire mais significatif. Le modèle en chaîne et l’analyse
de système ont démontré une efficacité comparable pour évaluer la
relation entre la concentration, et les effets analgésiques et
non-analgésiques de l’hydromorphone, et ont donné des résultats
similaires. Les deux méthodes pourraient être utiles dans l’étude de la
pharmacocinétique des opioïdes.



Oxygen saturation was registered by pulse oxymetry (Oxycap
4700, Ohmeda, Kentucky) when blood samples were drawn. Un-
stimulated salivation was measured by the method described by
Heintze et al (20). Two measurements were made before admini-
stration of the drug and at regular intervals during the procedure.
The subjects were asked to spit into a preweighed plastic cup for 5
mins. The cup was then weighed. The mean of the two predrug
measurements was considered as baseline saliva production.

The right eye was photographed under standardized conditions,
before and at regular intervals after administration of hydromor-
phone. The diameters of the pupil and iris were measured on the
negative film and the pupil:iris diameter ratio was calculated (10).
The ratio was chosen to ascertain that the measurements were made
in the same frontal plane.

PPTs were measured using an algometer (Somedic AB, Sollen-
tuna, Sweden). The measurements were made using the stimulation
unit as a pair of forceps. A circular probe with a diameter of 6 mm
(area 28 mm2) was applied to the dorsum of the second phalanx of
the third finger of both hands and to the third toe of both feet. The
pressure application rate was 1.1 N/s (21). When the subjects per-
ceived the pressure exerted by the forceps change into a painful
stimulus they activated a push button. The pressure was given in
kilopascals on a digital display kept out of sight of the volunteers.
Three consecutive measurements separated by 10 to 15 s were
made. The median value of the three measurements at each location
was used. All effects are shown as fractions of the individual base-
line values measured before drug administration. The results are
generally presented as individual data or mean ± SD.

Data analysis: Effect compartment model
The pharmacokinetic-pharmacodynamic model used in this scheme
was composed of a central and peripheral compartment. It was
assumed that the effect compartment was driven by the central com-
partment with the rate k1e. The exit rate from the effect compart-
ment was ke0. The rate of infusion was k0 and the intercompart-
mental transfer rates were k12 and k21.

The Emax model (13,14) was used to estimate the maximal ef-
fect (Emax) and the concentration of hydromorphone at steady state
in a hypothetical effect compartment at 50% of the maximal effect
(Css50):
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where Ce denotes the concentration producing a corresponding ef-
fect E, and E0 is the baseline effect before drug administration.

The amounts of drug in the central and effect compartments
were calculated using equations given earlier (9) and were defined
as the product of the input and output disposition functions (22-25).
ke0 was also obtained from these equations.

System analysis
An alternative method using a noncompartmental, system analysis
pharmacodynamic approach according to Veng-Pedersen et al (26)
and Modi and Veng-Pedersen (15) was also performed. Because the
hypothetical effect site concentration could not be measured, a con-
ductance function was employed (27). The hysteresis between con-
centration and effect of the given drug was minimized through an
iterative search for a biophase level that optimally agreed with the

measured effect (26). The biophase concentration, or the normal-
ized effect site concentration, then equals the plasma concentration
of hydromorphone at steady state.

Css50 and Emax were obtained using the Emax model according
to Modi and Veng-Pedersen (15) and Mandema et al (27):
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where Cb is the biophase concentration producing the effect E.
The pharmacodynamic variables were calculated for every indi-

vidual with the corresponding values of PPT, reduction of saliva
production and pupil size as effect variables.

RESULTS
The intravenous infusion of hydromorphone was associated with se-
dation, drowsiness and heaviness in all subjects. Nausea and pruri-
tus were reported by five and eight subjects, respectively. The
effects were well tolerated and required no medical treatment. Oxy-
gen saturation remained normal throughout the trial. Following in-
travenous infusion of hydromorphone, a significant increase of
mean values of PPT was registered in the third fingers and third toes
lasting for up to 2 h after the start of the infusion.

The mean pupil size and mean saliva production were signifi-
cantly reduced for up to 6 h after drug infusion. Details of the de-
scribed analgesic and nonanalgesic effects have been given
previously (12).

Pharmacodynamics
The parameter estimation was successful in all subjects. All Emax
values are given as fraction of individual baseline values. Negative
Emax values were obtained for reduction of saliva production and
pupil size.

In the effect compartment model, mean Emax for saliva
production was –1.1±0.2, mean Css50 was 6.7±3.0 nmol/L and
mean ke0 was 2.8±1.8/h. According to system analysis, the mean
Emax for saliva production was –1.0±0.2 and the mean Css50 was
5.6±3.1 nmol/L. Individual pharmacodynamic parameters are given
in Tables 1 and 2.

Mean Emax for reduction of pupil size was –0.8±0.2, mean Css50
was 15±20 nmol/L and mean ke0 was 2.4±3.6/h in the effect com-
partment model. Using the system analysis, mean Emax was
–0.8±0.2 and mean Css50 was 18±20 nmol/L.

A mean Emax for analgesia of 1.8±2.2, a mean Css50 of 68±42
nmol/L and a mean ke0 of 4±4/h were obtained in the effect com-
partment model. Using system analysis, the mean Emax for analge-
sia was 1.3±2.2 and mean Css50 was 31±45 nmol/L.

Figure 1 shows the reduction of saliva production and the anal-
gesic effect given as fraction of baseline values, and the concomitant
concentrations of hydromorphone obtained in a representative pa-
tient in plasma without hysteresis minimization, in a hypothetical
effect site according to the link model and in the biophase by using
hysteresis minimization according to system analysis. The reduc-
tion of pupil size demonstrated similar curves as those obtained for
the reduction of saliva production but are not included.

The effect compartment model and the system analysis produced
similar results. All parameters were estimated simultaneously in the
effect compartment model, whereas system analysis involved a
two-step procedure.
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DISCUSSION
Nonanalgesic effects of opioids are encountered frequently in pain
therapy and may significantly affect patient compliance. Dryness of
the mouth is a side effect of morphine (28,29) that was reported to
be highly associated with morphine therapy in chronic pain patients
(30). Following different routes of morphine administration to
healthy volunteers, a significant reduction of saliva production was
registered (9-11). Also, hydromorphone, given as an intravenous
infusion over 20 mins, significantly reduced saliva production (12),
which in the present analysis was shown to be well related to the
estimated concentration of the opioid in a hypothetical effect
compartment. The mean Css50 value for morphine for unstimu-
lated saliva production in a similar group of healthy volunteers was
50.3 nmol/L (31), whereas the corresponding mean Css50 value for
hydromorphone was 6.7 nmol/L. This indicates a higher potency
(approximately 7.5 times) of hydromorphone compared with mor-
phine for reduction of saliva production, corresponding well with
the reported higher potency of hydromorphone compared with mor-
phine for analgesia (1:7.7) (32). In our effect modelling of morphine
the contribution of metabolites to the effect was included (31),
whereas in the present analysis of hydromorphone the possible ef-
fects of metabolites were not considered, although a possible contri-
bution of metabolites to side effects of hydromorphone, like
myoclonus, has been suggested (33) but not proven.

Miosis may be a useful clinical sign in cases of opioid overdose
and has been reported to occur in minutes following intravenous ad-
ministration of morphine and alfentanil (34). The reduction of pupil
size following opioid administration may offer possibilities to
measure an opioid receptor effect noninvasively and accurately
over an administration interval.

In our study, miosis was also related to the concentrations of hy-

dromorphone. The estimation of parameters was less successful for
miosis than for reduction of saliva production, possibly due to the
absence of early measurements of pupil size during the infusion.
Such registrations were not possible for practical reasons. Maximal
reduction of the pupil size was already evident on the first
measurement, performed 6 mins after the end of the infusion. Com-
pared with a corresponding value of Css50 for morphine and miosis
(27 nmol/L) obtained in a similar group of volunteers (31), hydro-
morphone was approximately two times more potent than morphine
for producing miosis. The values of Emax for reduction of saliva
production and pupil size produced by hydromorphone in the pres-
ent study (–1.1 and –0.8, respectively) and the corresponding values
of Emax reported for morphine in a previous study (11) were compa-
rable, implying a similar, high intrinsic activity of the two opioids
regarding dryness of the mouth and miosis.

The studied nonanalgesic effects, reduction of pupil size and sa-
liva production, may be of minor clinical importance. However,
these opioid effects were consistent, easy to measure and outlasted
the analgesic action of hydromorphone by many hours. The analge-
sic action of hydromorphone, measured in this study as an increase
of PPT, produced large standard deviations of the pharmacody-
namic variables in both models. This may have been due to several
reasons, like the limited number of observations of PPT possible
during and immediately after infusion of the drug where the plasma
concentrations were higher than those that occurred later in the
treatment. The absent analgesic effect at lower plasma concentra-
tions is in accordance with the findings of Reidenberg et al (35),
where patients suffering from chronic pain seldom reported suffi-
cient pain relief at plasma concentrations of hydromorphone lower
than 4 ng/mL. However, it should be emphasized that experimental
pain and analgesia are not equvalent to pain and pain relief in pa-
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TABLE 2
Hydromorphone infusions: pharmacodynamic parameter
estimates for reduction of saliva production using system
analysis

Subject E��� C���� (nmol/L)

� ���� ���

� ���	 ��


� ���� 	�	

� ���� ��	

� ���� 
��


 ���	 ���

� ���� ���

	 ���� 
��

� ���� ���

�� ���� 	��

�� ���� ���

�� ���� ��


��� � �� �������� ��
����

����� 3��� �
���������
� 
� ���
�
��
�� �� � 	����� 	����4
2��� 3�-���� ������

TABLE 1
Hydromorphone infusions: pharmacodynamic parameter
estimates for reduction of saliva production using a link
model

Subject E��� C���� (nmol/L) k�� (/h)
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tients in a clinical setting (36). The open design of our study in-
cludes expectations of analgesia in both investigators and healthy
volunteers. However, the volunteers were not shown the digital dis-
play of the algometer and were thus unaware of the actual measured
PPT. PPTs have been used to detect analgesic effects of other
opioids, such as morphine, codeine and tramadol (37).

To detect an individual relationship between concentrations of
opioids and analgesia, the assumed analgesic concentrations may
have to be maintained for longer than our 20 min infusion. Pro-
longed infusion periods were used in healthy subjects given target
designed opioid (morphine, fentanyl and alfentanil) infusions,
where a linear relationship between pain relief and the obtained
steady state plasma concentrations of the respective opioids was re-
ported (38). In cancer patients, pain relief and sedation were related
to effect compartment concentrations of methadone following
intravenous infusion of the drug for several hours (7).

In the present study, all effect variables are given as a fraction of
values obtained immediately before drug administration. Ratios
exceeding 1.0 are thus possible. Erroneously high baseline PPTs
may reduce the later possible increase of PPT during drug treatment.
Also, the validity and reproducibility of the analgesic test we used
may have contributed to the less evident relation between analgesia
and concentration of hydromorphone. However, Dahl et al (39)
reported a low variability in three consecutive tests of PPT in
healthy volunteers and in patients operated for inguinal hernia.

A further factor influencing our analysis of the relationship be-
tween concentration and analgesia may reflect the reported and well
known large interindividual variability in the analgesic effect of a
given dose of opioids (32), and hydromorphone is possibly no ex-
ception to other studied opioids (32,40). The given dose of hydro-
morphone, 2 mg, may have been too low for some of our volunteers
to achieve significant analgesic effects, although significant nonan-
algesic effects were present in all subjects.

In conclusion, the reduction of saliva production was well re-
lated to concentrations of the drug estimated in a hypothetical effect
compartment. Concentrations in a biophase estimate of steady state
plasma concentrations were also well related to the reduced saliva
production. Significant analgesic effect and miosis were observed
and were related to drug concentrations. System analysis and the
link model were equally efficient at evaluating the relation between
concentration and effects of hydromorphone, and gave similar
results. Both methods may be useful in the study of the pharmaco-
dynamics of opioids. The effect compartment model allows simulta-
neous estimation of parameters, which may be an advantage,
whereas system analysis requires a two-step procedure, which may
increase possible errors of the estimates. On the other hand, in sys-
tem analysis the measurement of drug concentrations is not re-
quired, because the drug infusion rate can also be used in the calcu-
lations (15,41). This may be an advantage in clinical studies of
opioids in patients, in whom sampling of blood and subsequent
analysis of opioids may pose problems.
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