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Abstract

Background: A fundamental concept in pharmacology is that increasing dose increases drug effect. This is the basis of
anaesthetic titration: the dose is increased when increased drug effect is desired and decreased when reduced drug effect
is desired. In the setting of titration, the correlation of doses and observed drug effects can be negative, for example
increasing dose reduces drug effect. We have termed this the drug titration paradox. We hypothesised that this could be
explained, at least in part, by intrasubject variability. If the drug titration paradox is simply an artifact of pooling pop-
ulation data, then a mixed-effects analysis that accounts for interindividual variability in drug sensitivity should ‘flip’ the
observed correlation, such that increasing dose increases drug effect.

Methods: We tested whether a mixed-effects analysis could correctly reveal the underlying pharmacology using previ-
ously published data obtained during automatic feedback control of mean arterial pressure (MAP) with alfentanil (effect
site concentration, Ceays) during surgery. The relationship between MAP and Cear was explored with linear regression
and a linear mixed-effects model.

Results: A linear mixed-effects model did not identify the correct underlying pharmacology because of the presence of
the titration paradox in the individual data.

Conclusions: The relationship between drug dose and drug effect must be determined under carefully controlled
experimental conditions. In routine care, where the effect is profoundly influenced by varying clinical conditions and
drugs are titrated to achieve the desired effect, it is nearly impossible to draw meaningful conclusions about the rela-
tionship between dose and effect.
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Editor’s key points e The drug titration paradox was confirmed in indi-
vidual data. The authors suggest that changing level
of surgical stimulus is the most likely confounding
factor accounting for the paradoxical relationship.

e When an effect is profoundly influenced by varying
clinical conditions and drugs are titrated to achieve
the desired effect, it is challenging to draw mean-
ingful conclusions about the relationship between
dose and effect.

e Correlation between drug doses delivered and drug
effects can be negative, which the authors have
termed the drug titration paradox.

e This study used previously published data obtained
during automatic feedback control of mean arterial
pressure with alfentanil during surgery to analyse
the relationship with linear regression and a linear
mixed effects model.
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A fundamental concept in pharmacology is that increasing
dose increases drug effect.!™ This is the basis of anaesthetic
titration: dose is increased when increased drug effect is
desired, and decreased when reduced drug effect is desired. In
the setting of titration, correlation of observed doses and drug
effects can be negative, for example increasing dose is corre-
lated with reducing drug effect, which we have termed the
drug titration paradox.* We demonstrated in a population of
patients that increased propofol and sevoflurane doses were
associated with higher bispectral index (BIS), the opposite of
the pharmacological expectation.* We also showed that
increased norepinephrine was associated with reduced blood
pressure, again the opposite of the pharmacological
expectation.

To understand the drug titration paradox, it is important to
understand the implications of the titrated dose being depen-
dent upon the effect. Interpatient differences in sensitivity to the
drug mean that dose will be decreased in patients whose
measured effect is greater than the desired effect. Similarly,
dose will be increased in patients whose measured effect is
less than desired. One reason that this occurs is because those
who are most sensitive will have the greatest effect and will
require less drug than the typical patient, and those who are
most resistant will have the least effect and will require more.
Ultimately, with ‘perfect titration’ all patients will have pre-
cisely the same effect, but different doses, with the result that
there will be no correlation between dose and effect. Of course,
‘perfect titration’ is unlikely if the desired effect includes a
range of acceptable values (e.g. BIS 40—60), if there is some
limitation on the range of acceptable doses (e.g. strict dosage
guidelines), or if there is another confounding factor influ-
encing the drug effect.

If the drug titration paradox is simply an artifact of pooling
population data, Shafer and Stanski® and our group” hypoth-
esised that a mixed-effects model will be able to identify the
underlying positive correlation between dose and effect in an
individual even though the pooled population data shows a
negative correlation owing to the drug titration paradox. We
tested whether a mixed-effects analysis could correctly reveal
the underlying pharmacology using previously published
data® obtained during automatic feedback control of MAP with
alfentanil (Ceal) during surgery.

Methods

According to the drug titration paradox, we expect to see a
negative correlation between dose and effect in the population
(i.e. we expect that those patients with the highest average
MAP will have the highest average alfentanil target concen-
trations and those with the lowest average MAP will have the
lowest average alfentanil target concentrations; Fig 1a). How-
ever, within individual MAP data, we hypothesise a positive
correlation between dose and effect (i.e. we hypothesise that
increasing an individual’s alfentanil concentration will
increasingly attenuate individual haemodynamic responses to
the surgical stimulus and thus lower MAP [Fig 1b], and that a
mixed-effects model will be able to identify the underlying
positive correlation between dose and effect [Fig 1c]).

The study was conducted in patients between January and
March 2001 with approval by the local ethics committee
(Ethics committee of the Canton of Bern, Switzerland). The
feedback control algorithm and the clinical performance of the
controller used for this clinical study have been described.®’
Some of the relevant details are summarised below.
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Fig 1. A simulation of the use of alfentanil to attenuate the MAP
response to surgical stimulation in five patients to illustrate the
study hypothesis. Top panel: the titration paradox, a negative
correlation (more drug, less effect) between average dose and
average effect (purple dots). Middle panel: the superimposed
positive correlation (more drug, more effect) between dose and
effect for the individual data (blue dots and blue dashed lines),
that we expect if as alfentanil (Alf) concentration increases MAP
decreases slightly. Bottom panel: underlying positive correlation
between dose and effect is identified by a linear mixed effects
model (solid blue line).

Patients

Eleven patients scheduled for elective neurosurgical proced-
ures gave their informed consent to participate in the study.
The five female and six male patients were between 38 and 57
yr old (mean age, 47 yr), and had a mean height and weight of
173 cm and 76 kg, respectively. The duration of the surgical
procedures and of the automatic control period was 55—130
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min (mean, 86 min). Five patients had cervical disc surgery,
four had lumbar disc surgery, and one had plastic surgical
reconstruction of a skull defect. In addition to standard
monitoring, arterial pressure was measured invasively. Iso-
flurane was manually controlled with a target BIS of 55 (5), and
alfentanil was administered by automatic feedback control of
MAP. Rocuronium was used for paralysis.

Feedback control of MAP with alfentanil

The feedback control algorithm was designed to maintain MAP
as closely as possible to a reference value by adjusting the
predicted effect site concentration of alfentanil (Ceals). The
initial controller reference values were set at 70 mm Hg for
MAP, and 100—400 ng m1~! for Ceajs as lower and upper limits,
respectively. The anaesthesiologist could adjust these values
for each patient as deemed clinically appropriate. The decision
to constrain Cepyr within a clinically acceptable range was
included as a trade-off between strict adherence to the MAP
control goal and other clinical goals (i.e. to prevent the po-
tential for Ceair being too low, which could lead to a sudden
increase in MAP because of unexpected noxious stimulation,
or too high, which could interfere with recovery from anaes-
thesia). All data were recorded automatically.

Data analysis

The Ceair and MAP data were recorded in 10 s intervals, and
subsequently averaged over 1 min. All available recorded data
points between skin incision and skin closure entered the
analysis, which was performed with the statistical software R
(R Project, Version 4.1.0%).

Firstly, to confirm the presence of the drug titration paradox,
the median of each individual’'s MAP was plotted against their
median Cepjr, and a linear regression was performed. Secondly,
all individual MAP and Cep)s data were plotted together with the
linear regression for each individual. Thirdly, the relationship
between MAP and Cepr was explored with a linear mixed-
effects model (LME).° The 95% confidence intervals (Cls) were
estimated for the fit of the average data and for the LME fit with
the respective R functions confint() and intervals().

Results

Data from all 11 patients comprising the feedback-control
study population were used for the investigation. The top
left graph of Fig 2 shows the linear regression for each pa-
tient’s median MAP vs median Cepjr data. The regression slope
was 0.108 (95% CI, 0.0646—0.153), which confirmed the pres-
ence of the drug titration paradox. Figure 2 also shows linear
regressions for the individual MAP vs Cepjr data. The individual
linear regressions in nine of the 11 patients showed decreasing
effect (increasing MAP) with increasing Cep)s, whereas two
patients (2 and 8) showed increasing effect (decreasing MAP)
with increasing Ceair. However, the 95% CI of the slope of the
individual linear regressions in all 11 patients included 0.

Figure 3 shows the MAP vs Ceair LME fit of the data. The
slope of the LME fit was 0.0511 (95% CI, 0.0144—0.0878). Higher
drug concentration did not correlate with more effect.

Discussion

This study provides evidence of the presence of the drug
titration paradox in previously published data obtained during

automatic feedback control of MAP with alfentanil in 11 pa-
tients undergoing elective neurosurgical procedures. We
found a negative correlation (increasing MAP with increasing
Ceals) in 9 of 11 patients’ concentration—effect data. Conse-
quently, a LME model did not identify an underlying positive
correlation between concentration and effect because the un-
derlying correlation was not positive.

In the case of population dose—response data, we have
shown’ that a difference in patient sensitivity was the likely
confounding factor accounting for the drug titration paradox.
As Schamberg and Brown'® have pointed out, the drug titra-
tion paradox is a form of Simpson’s paradox.'’ In the current
study, the finding of a drug titration paradox in the individual
dose—response data of the majority of the patients implies
another confounding variable. Such paradoxes can be resolved
when the appropriate causal relationships and confounding
factors are identified.?

In considering the causal relationship between dose and
effect in our study, we note that the relationship is indirect (i.e.
the drug does not directly cause the measured effect). In the
absence of a noxious stimulus, we expect a high dose of
alfentanil to cause some decrease in MAP. In the context of
this study, the intended effect of alfentanil (and indeed the
purpose of the closed loop controller) is to attenuate the hy-
pertensive response to noxious surgical stimuli. Therefore, the
measured effect does not solely depend upon Ceajs, but also
upon the intensity of the noxious stimulus.'* We also note that
if the closed-loop controller worked perfectly, and all subjects
had exactly the target MAP throughout their operation, there
would be no apparent correlation between MAP and Ceajr. We
should not then conclude that alfentanil had no effect on MAP,
nor that the measurement of MAP was not useful, because it
did not reflect changes in alfentanil dosing.

We can rearrange the relationship between Ceajr, MAP, and
noxious stimulus such that the noxious stimulus can be
considered as the ‘dose’ of the noxious stimulus, the increase
in MAP as the ‘effect’, and alfentanil as the ‘antagonist’, which
‘shifts the dose—response curve to the right’. This concept
underlies the hierarchical model for the opioid—hypnotic
interaction proposed by Bouillon and colleagues,’* in which
the noxious stimulus is first attenuated by the opioid, and the
attenuated signal then projects to the cortex, where hypnotics
act to modulate the probability of response. They proposed
that the potency of opioids in attenuating the noxious stim-
ulus decreases with increasing stimulus intensity. Applied to
our study, this means that the Ceajr preventing an increase in
MAP that results from a mild noxious stimulus would be
insufficient to prevent an increase in MAP that results from a
strong noxious stimulus, which is consistent with clinical
experience. The relationship between these three factors is
complex, but could theoretically be described by a response
surface™'® with one axis for Ceay, a second for MAP, and a
third representing intensity of the noxious stimulus.

When pharmacodynamic data are analysed, a fundamental
assumption is usually that the system is static (there is no
change in the parameters of the pharmacodynamic model
over time). This assumption maybe wrong in some clinical
situations. For example in the hierarchical model described by
Bouillon and colleagues,'* both the ability of the opioid and the
hypnotic to attenuate the response was shifted rightward with
increasing stimulus (i.e. the potency decreases). Also, in the
Bayesian-based, patient-individualised, model-based, adap-
tive control method for BIS-guided propofol infusion described
by De Smet and colleagues,'” there was a clear change in
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Fig 2. Linear regression of median MAP vs median Cexjr data for all patients (top left graph) and individual linear regressions for all MAP vs
Cenir data for patients 1 to 11 (remaining graphs). The top left graph shows the titration paradox. Patients 2 and 8 show increasing effect
(decreasing MAP) with increasing Ceajr (positive correlation between dose and effect). The remaining patients show decreasing effect
(increasing MAP) with increasing Ceayr (negative correlation between dose and effect). The 95% CI of the slope of the individual linear re-

gressions in all 11 patients included zero.
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Fig 3. Plot of the individual data for the 11 patients. The dashed line connects the data points of each individual. The solid blue line
represents the linear mixed effects model fit and the hatched area the 95% confidence interval. The parameters (standard error [se]) for the
regression are given by: MAP=71.5 (3.06)+0.0511 (0.0187)xCeajr. The correlation of the fixed effects (slope and intercept): —0.843. The
standard deviation of the random effects; intercept: 9.19, slope: 0.0566, with correlation —0.822. The standard deviation of residuals: 6.17.

Increasing Ceay is not correlated with more effect (decreasing MAP).

estimated potency of propofol over time (the other parameters
of the pharmacodynamic model were assumed to be constant
over time). Based upon these insights, Fig 4 illustrates our
understanding of how an apparent change in drug potency
caused by changes in intensity of a noxious stimulus could
cause a drug titration paradox in individual data.

Our study has several significant limitations. Perhaps most
importantly, the number of patients is small and the causal
relationship between Cepjr and MAP is indirect and complex.
Another limitation is that changes in MAP is not specific to
changes in noxious stimulation intensity and can be affected by
other covariates, such as blood loss, heart failure, arrhythmias,
and drugs (e.g. volatile anaesthetics, propofol, B blockers, va-
sodilators), for example. An initial exploratory analysis of the
relationship between isoflurane and MAP confirmed that
manual control of isoflurane was not a confounding factor.
However, these limitations mightbe partly overcome by the fact
that automated administration of alfentanil by the feedback
controller,'®?° together with high resolution automated
recording of dose and effect in neurosurgical operations
involving a large range of intensities of noxious stimuli, has
provided data with enough discriminatory power to identify the
correlation of more drug with less effect in individual data. Our
data did not support the hypothesis that a mixed-effects model
would be able to identify the underlying positive correlation be-
tween dose and effect for the relationship between Cepyr and
MAP in the individual data. However, we suspect that there will
be other data sets that will support the hypothesis, provided
that there are no other confounding factors. For example Gou-
looze and colleagues?! investigated finerenone, a drug used to
delay the progression of kidney disease and reduce the risk of
cardiovascular events in patients with chronic kidney disease

and type 2 diabetes mellitus. Among its many effects, finer-
enone blocks the renal mineralocorticoid receptor, which leads
to reduced resorption of sodium and consequently reduced
excretion of potassium and higher plasma potassium levels.
They reported a drug titration paradox for finerenone, in which
higher finerenone doses were associated with lower potassium
levels and lower incidence of hyperkalaemia based on serum
potassium-guided dose titration.

The absence of the drug titration paradox in pooled popu-
lation data from a drug titration study strongly suggests that
titration was suboptimal to that specific effect. For example
the presence of a drug titration paradox between a volatile
anaesthetic agent and MAP, but not between a volatile
anaesthetic and BIS, would suggest that the volatile agent was
titrated mostly according to MAP (and not BIS). However, we
suggest that the presence of a drug titration paradox in indi-
vidual data strongly suggests a confounding factor. We believe
that this study adds further support to the concept that for
some drugs, change in noxious stimulus intensity during
surgery is a confounding factor that perturbs the dose—effect
relationship in an individual.

In summary, we confirmed the presence of the drug titra-
tion paradox in previously published data obtained during
automatic feedback control of MAP with alfentanil during
neurosurgical anaesthesia. We also identified the titration
paradox in the individual data and suggest that changing
levels of surgical stimulus is the most likely confounding
factor that accounts for this paradoxical result. It was there-
fore not possible to identify an underlying positive correlation
between dose and effect in the individual data with a mixed-
effects model. We show how a confounding factor, such as
changing level of noxious stimulus, could result in a non-static
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Fig 4. The titration paradox for individual data. (a) The effect—site (Ce) us effect relationship in one individual for a drug with a direct
relationship between concentration and effect, characterised by a sigmoid Emax model, when the relationship is static (stable over time),
for example the Ce resulting in 50% maximal effect (blue dot) is unaffected by noxious stimulus. (b) Range of effects (light blue bar) for the
same Ce when the Ce—effect relationship is not static, for example at three levels of noxious stimulus where increasing stimulus shifts the
curve to the right; low stimulus (green) has greater effect, typical stimulus (blue) has typical effect, high stimulus (purple) has lesser effect.
(c) Partial titration of Ce at three levels of noxious stimulus showing a negative correlation between effect and Ce (dashed line); low (green),
typical (blue), high (purple). (d) ‘Perfect titration’ of Ce for three levels of noxious stimulus showing no correlation between effect and a range
of titrated Ce (brown bar). All effects are the same for different Ce and different levels of stimulus; low (green), typical (blue), high (purple).
Each curve represents a different slice through a response surface for each level of noxious stimulus.

pharmacodynamic system that consequently causes a drug
titration paradox in the individual dose—response data. This is
analogous to how differences in individual sensitivity result in
the drug titration paradox in a population. The drug titration
paradox has potentially important implications for anaes-
thesia clinical pharmacology studies both in terms of how
previous studies are re-interpreted and how future studies are
designed.®?” The relationship between drug dose and drug
effect must be determined under carefully controlled experi-
mental conditions. In routine care, where the effect is pro-
foundly influenced by varying clinical conditions and drugs

are titrated to achieve the desired effect, it is nearly impossible
to draw meaningful conclusions about the relationship be-
tween dose and effect.

Authors’ contributions

Drafting of the manuscript: TS, CM

Data acquisition: TS, ML

Research design: TS, CM, TDE

Data analysis: TS, CM

Review and approval of the final manuscript: CM, ML, TDE



Drug titration paradox in individual data | 7

Declarations of interest

TDE is a member of the associate editorial board of the British
Journal of Anaesthesia. The other authors declare that they have
no conflicts of interest.

Funding

Institutional sources, departmental sources, or both.

References

1.

Eger EI, Saidman LJ, Brandstater B. Minimum alveolar
anesthetic concentration: a standard of anesthetic po-
tency. Anesth 1965; 26: 756—63

. Schnider TW, Minto CF, Shafer SL, et al. The influence of

age on propofol pharmacodynamics. Anesth 1999; 90:
1502—-16

. Minto CF, Schnider TW, Shafer SL. Pharmacokinetics and

pharmacodynamics of remifentanil: II. Model application.
Anesth 1997; 86: 24—33

. Schnider TW, Minto CF, Filipovic M. The drug titration

paradox: correlation of more drug with less effect in
clinical data. Clin Pharmacol Ther 2021; 110: 401—8

. Shafer SL, Stanski DR. The titration paradox turns phar-

macology upside down. Clin Pharmacol Ther 2021; 110:
292-3

. Luginbtihl M, Bieniok C, Leibundgut D, Wymann R,

Gentilini A, Schnider TW. Closed-loop control of mean
arterial blood pressure during surgery with alfentanil:
clinical evaluation of a novel model-based predictive
controller. Anesth 2006; 105: 462—70

. Gentilini A, Schaniel C, Morari M, Bieniok C, Wymann R,

Schnider T. A new paradigm for the closed-loop intra-
operative administration of analgesics in humans. IEEE
Trans Biomed Eng 2002; 49: 289—99

. R Core Team. R: a language and environment for statistical

computing. Vienna, Austria: R Foundation for Statistical
Computing; 2021. Available from:: https://www.R-project.

org/

. Pinheiro J, Bates D, DebRoy S, Sarkar D, Core Team R.

Nlme: linear and nonlinear mixed effects models 2021. Avail-
able from: https://CRAN.R-project.org/package=nlme

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Schamberg G, Brown EN. The drug titration paradox is
Simpson’s paradox. Clin Pharmacol Ther 2021; 110: 14245
Simpson EH. The interpretation of interaction in contin-
gency tables. J R Stat Soc Ser B 1951; 13: 238—41

Gaskell A, Sleigh J. The quagmire of postoperative
delirium: does dose matter? Br J Anaesth 2021; 127: 664—6
Zbinden AM, Petersen-Felix S, Thomson DA. Anesthetic
depth defined using multiple noxious stimuli during iso-
flurane/oxygen anesthesia: II. Hemodynamic responses.
Anesth 1994; 80: 261—7

Bouillon TW, Bruhn J, Radulescu L, et al. Pharmacody-
namic interaction between propofol and remifentanil
regarding hypnosis, tolerance of laryngoscopy, bispectral
index, and electroencephalographic approximate entropy.
Anesth 2004; 100: 1353—72

Neter J, Kutner MH, Nachtsheim CJ, Wasserman W.
Applied linear statistical models. Chicago: Irwin; 1996

Minto CF, Schnider TW, Short TG, Gregg KM, Gentilini A,
Shafer SL. Response surface model for anesthetic drug
interactions. Anesth 2000; 92: 1603—16

De Smet T, Struys MMRF, Neckebroek MM, Van den
Hauwe K, Bonte S, Mortier EP. The accuracy and clinical
feasibility of a new bayesian-based closed-loop control
system for propofol administration using the bispectral in-
dex as a controlled variable. Anesth Analg 2008; 107: 1200—10
Joosten A, Rinehart J, Bardaji A, et al. Anesthetic man-
agement using multiple closed-loop systems and delayed
neurocognitive recovery: a randomized controlled trial.
Anesth 2020; 132: 253—66

Rinehart J, Cannesson M, Weeraman S, Barvais L,
Obbergh LV, Joosten A. Closed-loop control of vasopressor
administration in patients undergoing cardiac revascu-
larization surgery. J Cardiothorac Vasc Anesth 2020; 34:
30815

Locher S, Stadler KS, Boehlen T, et al. A new closed-loop
control system for isoflurane using bispectral index out-
performs manual control. Anesth 2004; 101: 591—602
Goulooze SC, Snelder N, Seelmann A, et al. Finerenone
dose-exposure-serum potassium response analysis of
FIDELIO-DKD Phase III: the role of dosing, titration, and
inclusion criteria. Clin Pharmacokinet 2022; 61: 451—62
Egan TD. The drug titration paradox: something obvious
finally understood. Br J Anaesth 2022; 28: 900—2

Handling editor: Hugh C Hemmings Jr


http://refhub.elsevier.com/S0007-0912(22)00301-4/sref1
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref1
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref1
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref1
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref2
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref2
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref2
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref2
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref3
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref3
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref3
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref3
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref4
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref4
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref4
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref4
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref5
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref5
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref5
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref5
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref6
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref6
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref6
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref6
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref6
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref6
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref7
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref7
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref7
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref7
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref7
https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref10
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref10
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref10
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref11
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref11
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref11
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref12
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref12
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref12
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref13
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref13
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref13
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref13
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref13
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref14
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref14
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref14
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref14
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref14
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref14
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref15
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref15
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref16
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref16
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref16
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref16
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref17
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref17
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref17
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref17
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref17
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref17
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref18
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref18
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref18
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref18
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref18
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref19
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref19
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref19
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref19
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref19
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref19
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref20
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref20
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref20
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref20
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref21
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref21
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref21
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref21
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref21
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref22
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref22
http://refhub.elsevier.com/S0007-0912(22)00301-4/sref22

	The drug titration paradox: more drug does not correlate with more effect in individual clinical data
	Editor's key points
	Methods
	Patients
	Feedback control of MAP with alfentanil
	Data analysis

	Results
	Discussion
	Authors' contributions
	Declarations of interest
	Funding
	References


