Assessing the Utility of the Utility Function

O VER the last 40 yr, anesthe-
siologists have incorporated
a series of new pharmacologic con-
cepts that give us a better under-
standing of how drugs behave
when administered as intrave-
nous bolus or infusion. Each of
these concepts initially seemed
arcane and theoretical, but most
are now accepted as a fundamen-
tal part of anesthesia practice. For
example, the rapid administration
of neuromuscular-blocking drugs
produces effects that are not well-
described by their plasma con-

and Melmon.'® UF is a method
for converting two continuous
dose-response or concentration—
response curves (for clinical benefit
and toxicity) into a single func-
tion. It is most applicable during
drug development when a single
“optimal” dose is being deter-
mined. This might be the case dur-
ing phase II testing when a single
dose is to be recommended for
large phase III clinical trials. Other
models to relate overall the posi-
tive and negative effects of drug(s)
in a single number have also been

centrations (after all, they do not
work in plasma). This discrepancy
lead to the development of “phar-
macokinetic—pharmacodynamic
modeling” and the concept of a
hypothetical “biophase” or “effect
compartment.”"? More than 50 yr
ago, clinicians noted that the recov-
ery from opioid infusions had a
poor correlation with the elimina-
tion half-life.> This eventually lead
to the development of the “con-
text-sensitive  half-time,” which
describes the minutes required for functiOn_”

a 50% decrement in plasma drug

concentration after stopping infu-

sions of varying durations.’ Traditional pharmacokinetics
focused predominantly on drug elimination, but an under-
standing of anesthetic onset required models that described
drug disposition from the moment of injection.” Thus, the
concept of recirculatory pharmacokinetic models, or “front-
end kinetics” was introduced to anesthesiology.® Subsequent
to their introduction, these new concepts were validated
through extensive additional investigation.

In this issue of AnestHesiorocy, Boom et al’ report a
mathematical model they developed that characterizes opi-
oid benefit versus risk (analgesia vs. respiratory depression)
using a single number called a utility function (UF). The UF
was first used in economics and was applied to drug therapy
decades ago by the eminent clinical pharmacologists Sheiner
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“Boom et al. report a math-
ematical model they de-
veloped that characterizes
opioid benefit versus risk
(analgesia vs. respiratory
depression) using a single
number called a utility

reported.!' The study by Boom et
al. introduces the UF concept to
anesthesiology, and it shows that
UF can be determined even though
full dose— response or concentra-
tion—response  relationships  are
not assessed. This study also dem-
onstrates a number of important
factors that can radically affect the
calculation of UF and therefore its
predictions about opioid safety.

The safety of medications has
classically been expressed as the
therapeutic index (T1), a single num-
ber which represents the ratio of
doses (or concentrations) that pro-
duce toxic effects (TD50) versus therapeutic effects (ED50)
in 50% of the population (TI = TD50/ED50). If toxic and
therapeutic effects occur by the same mechanism (as is the
case for many chemotherapeutic drugs), they are described by
dose-response curves which are parallel, so the T1 is indepen-
dent of dose. Most often, therapeutic and toxic effects involve
different mechanisms and must be measured differently, so
the curves are 7ot parallel, and the T1 is therefore dose-depen-
dent. For this reason, the TT must be defined by comparing
doses at a specific level of response. The dose or concentration
producing 50% response is chosen because this is the point of
maximal slope and therefore greatest precision.

To evaluate the UE the investigators administered intra-
venous fentanyl (3.5 pg/kg) to subjects on separate days. On
one day, they measured experimental analgesia as an increase

# This Editorial View accompanies the following article: Boom
M, Olofsen E, Neukirchen M, Fussen R, Hay J, Groeneveld
GJ, Aarts L, Sarton E, Dahan A: Fentanyl utility function: A
risk-benefit composite of pain relief and breathing responses.
ANESTHESIOLOGY 2013; 119:663-74.
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in the intensity of electrical stimulation (in mA) that the
subject could tolerate. On the other day, they measured
respiratory depression as the decrease in minute ventilation
while breathing a fixed, increased concentration of carbon
dioxide. A population pharmacokinetic—pharmacodynamic
model was then used to calculate effect-site or steady-state
concentrations producing a 25% increase in tolerable pain
stimulus intensity (EC,; for analgesia) and a 50% decrease
in minute ventilation (TC,; for respiratory depression).
Using the pharmacokinetic—pharmacodynamic parameter
estimates and interindividual variabilities, computer simula-
tions were then performed to determine the UF, defined as
the probability of 50% analgesia (an increase in tolerated
electrical pain current of least 50%) minus the probability
of at least 50% respiratory depression. Thus, the UF is a dif-
ference of predicted probabilities, whereas the T1 is a ratio of
actual doses (or concentrations).

The authors found that at low fentanyl concentrations
(<0.7 ng/ml), the UF was positive, indicating that the prob-
ability of analgesia was greater than that of respiratory
depression. At higher concentrations, the UF was negative,
indicating that the probability of respiratory depression
exceeded that of analgesia. They concluded, appropriately,
that further studies are required to assess whether this risk—
benefit analysis is clinically applicable and if it can be used
for comparing the safety profile among experimental drugs.

One essential feature of the UF is that it involves quantal
(or binary) data points for effectiveness and toxicity. A con-
tinuous measure (e.¢., increase in mA of current) must first be
dichotomized (changed to analgesia—yes or no). Boom ez 4.
defined the threshold for desired and toxic effects as a 50%
increase in current or a 50% decrease in minute ventilation,
respectively. The investigators have used these pain and respi-
ratory measures often and expertly in numerous laboratory
studies. But it is not clear how the 50% thresholds correspond
to a clinically relevant degree of intraoperative or postopera-
tive analgesia, or to clinically important changes in respira-
tory rate or the partial pressure of carbon dioxide in blood.
The practice of changing continuous data to dichotomized
responses also has important statistical implications. The loss
of information can lead to a decrease in precision of conclu-
sions and power.'>!? The information lost when dichotomiz-
ing a normal distribution at the mean or median is at least
36%, and even more information is lost when other cut points
are used.'? Dichotomization also requires an increase of at
least 1.6 times in sample size to maintain statistical power.!>!3

Another important factor affecting the UF is the rela-
tive sensitivity of the two measures. That is, the measures
of analgesia and toxicity should be comparably sensitive. If
the measure of respiratory depression is much more sensitive
than that of analgesia, then the UF will always be negative; if
it is much less sensitive, then the UF will always be positive.
Boom et al. performed a sensitivity analysis (their fig. 7) by
systematically varying the threshold definitions for analgesia
and respiratory depression. As predicted, they demonstrated
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a marked effect of the threshold (25, 50, or 75%) for change
(dichotomization) in the positivity or negativity, and mag-
nitude, of the UE As stated by the authors, their UF is very
“context sensitive” (to numerical thresholds), and which
of the response thresholds is most appropriate will require
much further study.

The drug concentration range tested can markedly affect
the magnitude and direction (positive or negative) of the UE
Figure 1 shows the relationship of fentanyl effect-site concen-
tration and the change that Boom ez a/. determined for the
two continuous variables (expressed as mA and 1/min). The
graphs were constructed using the authors’ model (equations
1 and 2) and the data from table 2. These data show clearly
that these are very different concentration—effect curves,
and that they are not parallel. Thus, like a TT in this set-
ting, the UF will also be dose (or concentration)-dependent.
In addition, respiratory effects increased uniformly with
effect-site concentration, whereas analgesia changed dra-
matically over a small range of concentrations. This means
that a large increase in analgesia might be required to make a
small increase in the estimated EC, (concentration produc-
ing 50% of maximal therapeutic effect) and shift the UF
positively. Conversely, a much smaller increase in respiratory
depression would be required to make a small increase in the
estimated TC, | (concentration producing 50% of maximal
toxic effect) and shift the UF negatively. Thus, these data
seem inherently to favor a negative UE

A clinician may ask, what is the clinical relevance of the
dose and concentration range at which Boom ez a/. defined
the fentanyl UF? Plasma fentanyl concentrations of 0.2—
20 ng/ml were studied, and effect-site concentrations up to
3 ng/ml were simulated. Boom ez /. conclude that fentanyl
has a predominantly negative UF with a greater probability
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Fig. 1. Effect versus effect-site concentration for fentanyl-
induced tolerance to electrical stimulus (mA, solid line) and
depression of ventilation (I/min, dashed line) while breathing
inspired carbon dioxide. The curves were generated using
equations 1 and 2 from the study by Boom et al., as well as
the values in table 2. Calculated EC,, and TC, are indicated
by arrows.
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for respiratory depression than analgesia in “relevant” dose
and concentration ranges. Nevertheless, the absolute nega-
tive value of the UF was small (only <-0.2 at effect-site
concentrations >1ng/ml), and the UF was negative only at
times within 60 min after the bolus (at plasma concentra-
tions approximately >0.8 ng/ml). Clinical data suggest that
postoperative pain is effectively treated with plasma fentanyl
concentrations averaging 0.6ng/ml.'* At these concentra-
tions, the fentanyl UF may not be as negative as suggested.
The fentanyl dose tested by Boom et al. (3.5 nglkg) is
more likely to be used during anesthetic induction, when
the degree of respiratory depression is less relevant because
patients are anesthetized. Clearly, additional work is needed
to determine the most clinically relevant opioid doses at
which to determine a UE

Thus Boom ez al. have devised a risk—benefit measure that
appears to be precise and reproducible, and also seems to be
an excellent method for combining high-quality estimates of
population pharmacokinetics and simultaneous pharmaco-
kinetic—-pharmacodynamic modeling. However, it requires
validation that it predicts relevant clinical endpoints. Anes-
thesiologists have a good idea of the relationship between
the depression of response to carbon dioxide in volunteers
and clinical ventilatory depression. We do not have a reli-
able assay for opioid analgesia in volunteers that accurately
predicts clinical analgesia in patients. Boom ez 4/. conclude
that the UF is most negative at a fentanyl effect-site concen-
tration of 1.7 ng/ml, with a 60% probability of analgesia and
an 83% probability of respiratory depression. The 3.5 ng/kg
dose of fentanyl resulted in an effect-site concentration of
1 ng/ml, so approximately 6 pg/kg would be needed to reach
1.7 ng/ml. This would be a dose of almost 500 pg in an 80 kg
patient, and many clinicians would question whether such a
large dose produces only “a 60% probability of analgesia.” A
lack of sensitivity to electrically induced pain may account
for the conclusion that fentanyl has such a low analgesic
“benefit.” The experiments will need to be repeated using
other experimental pain models (e.g., heat-induced pain,
depression of minimum alveolar concentration for volatile
anesthetics) and then validated against clinical pain.

Sheiner and Melmon identified the difficulty in deter-
mining a UF by noting that it involves both factual data and
value judgments. We can objectively measure analgesia and
respiratory depression. But how much analgesia is enough
and how much respiratory depression is too much? As they
articulated so eloquently: “Some may argue that the utility
function creates unnecessary complications, and diffuses our
efforts. We argue that the concept rather is capable of intensify-
ing the vigor of research and narrowing the focus of its objectives
by not allowing over-interpretation of limited results. Keeping
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the concept of a utility function in mind will encourage critically
important investigation.™® We look forward to additional
investigations that will refine, validate, and ultimately deter-
mine the utility of the UF and its applicability in anesthesia.

Evan D. Kharasch, M.D., Ph.D.,* Carl E. Rosow,
M.D., Ph.D.} *Departments of Anesthesiology and Bio-
chemistry and Molecular Biophysics, Division of Clini-
cal and Translational Research, Washington University
in St. Louis, St. Louis, Missouri. kharasch@wustl.edu
tDepartment of Anesthesia, Critical Care, and Pain Medi-
cine, Massachusetts General Hospital, Harvard Medical
School, Boston, Massachusetts.

References

1. Hull CJ, Van Beem HB, McLeod K, Sibbald A, Watson M]J:
A pharmacodynamic model for pancuronium. Br J Anaesth
1978; 50:1113-23

2. Sheiner LB, Stanski DR, Vozeh S, Miller RD, Ham J:
Simultaneous modeling of pharmacokinetics and pharma-
codynamics: Application to d-tubocurarine. Clin Pharmacol
Ther 1979; 25:358-71

3. Price HL: A dynamic concept of the distribution of thiopental
in the human body. ANESTHESIOLOGY 1960; 21:40-5

4. Shafer SL, Varvel JR: Pharmacokinetics, pharmacodynamics,
and rational opioid selection. ANESTHESIOLOGY 1991; 74:53-3

5. Hughes MA, Glass PS, Jacobs JR: Context-sensitive half-time
in multicompartment pharmacokinetic models for intrave-
nous anesthetic drugs. ANESTHESIOLOGY 1992; 76:334—41

6. Bailey JM: Context-sensitive half-times: What are they
and how valuable are they in anaesthesiology? Clin
Pharmacokinet 2002; 41:793-9

7. Henthorn TK, Avram MJ, Krejcie TC, Shanks CA, Asada A,
Kaczynski DA: Minimal compartmental model of circulatory
mixing of indocyanine green. Am J Physiol 1992; 262(3 Pt
2):H903-10

8. Avram M]J, Krejcie TC: Using front-end kinetics to opti-
mize target-controlled drug infusions. ANESTHESIOLOGY 2003;
99:1078-86

9. Boom M, Olofsen E, Neukirchen M, Fussen R, Hay ],
Groeneveld GJ, Aarts L, Sarton E, Dahan A: Fentanyl utility
function: A risk-benefit composite of pain relief and breath-
ing responses. ANESTHESIOLOGY 2013; 119:663-74

10. Sheiner LB, Melmon KL: The utility function of antihyperten-
sive therapy. Ann N Y Acad Sci 1978; 304:112-27

11. Zanderigo E, Sartori V, Sveticic G, Bouillon T, Schumacher
P, Morari M, Curatolo M: The well-being model: A new
drug interaction model for positive and negative effects.
ANESTHESIOLOGY 20006; 104:742-53

12. Fedorov VV, Wu Y: Dose finding designs for continu-
ous responses and binary utility. J Biopharm Stat 2007;
17:1085-96

13. Fedorov V, Mannino F, Zhang R: Consequences of dichotomi-
zation. Pharm Stat 2009; 8:50-1

14. Gourlay GK, Kowalski SR, Plummer JL, Cousins MJ, Armstrong
PJ: Fentanyl blood concentration-analgesic response rela-
tionship in the treatment of postoperative pain. Anesth Analg
1988; 67:329-37

E. D. Kharasch and C. E. Rosow

%20z Iidy /1 uo 3s8nb Aq Jpd'60000-0 0060€ 10Z/09%292/70S/E/6 1 L /4Ppd-8oie/ABojoisayisaue/wod lIBYDIBA|IS ZESE//:dRY Wolj papeojumoq


mailto:kharasch@wustl.edu



