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changes with the predicted ES concentration and the total
administered propofol (e.g., at what ES concentration should
we expect the occurrence of alpha band?), especially because
previous evidence showed a poor correlation between pre-
dicted ES concentration calculated by the Schnider model
and processed electroencephalogram—derived indices of
consciousness.®

For a possible average patient (male, age 36, weight 70 kg,
and height 170 cm), we simulated with Tivatrainer® software
(Gutta BV, The Netherlands, software available for down-
load at http://www.curosiva.eu, accessed April 22, 2015)
two possible ES TClIs of propofol according to the scheme
reported by the authors, using the two more common
pharmacokinetic models for ES control>*? (figs. 1 and 2).
The concentrations calculated by these two models have dif-
ferent time courses with different total administered doses
of propofol: during the experimental period of 14 x 5 min,
the total dose administered by the Schnider model is 659 mg
of propofol while the Modified Marsh Model administers
a total dose of 742 mg of propofol, as a result of different
infusion rates, which seem to us to be low to induce the
characteristic spectrogram for propofol.

Thus, we consider that a full spectrogram as the one
resulting from dexmedetomidine infusion would be valuable
information for a better comprehension of the electroen-
cephalographic changes resulting from a stepwise approach of
propofol-induced LOC: especially for those who use TCI of
propofol, it would be extremely useful to know at which calcu-
lated ES concentration by a particular pharmacokinetic model
is expected to occur the through-max and peak-max changes.
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In Reply:

We thank Drs. Saraiva and Lobo for their thoughtful analysis
of our work. We point out that in our AnestHesIOLOGY article,
Akeju et al.,' we took care to indicate that the propofol data
came from a previous study, Purdon et al.,* in which we cited
the classic paper by Schnider ez 2/ (see page 2, paragraph 2,
of Purdon et al?). In Purdon ez 4l.,> we used the Schnider
model to administer propofol at target effect-site concentra-
tions from 0 through 5 pg/ml to subjects executing an audi-
tory task at 4-s intervals. The probability of response to these
sounds was used to identify in each subject time points for
loss and recovery of consciousness, which were used to iden-
tify electroencephalogram signatures of propofol-induced
unconsciousness and sedation.>*?

We analyzed the pharmacokinetic/pharmacodynamic
(PK/PD) models used in target-controlled infusions and
the electroencephalogram studies we have conducted
over the past several years. As the authors suggested, we

Patients
N
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Predicted propofol effect

site concentration (pg/ml)
Fig. 1. Histogram of predicted propofol effect-site concentra-
tions associated with loss of consciousness, from subjects stud-
ied in Purdon et al.? administered using the Schnider model.?
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Fig. 2. Electroencephalogram signature of propofol-induced unconsciousness. (A) Probability of response curves for less salient
auditory click stimuli (blue, P, ) and more salient verbal stimuli (red, P, .), pooled across the cohort of subjects. Time points
for loss of consciousness (LOC) and recovery of consciousness (ROC) were identified for each subject using the individual sub-
ject response curves. (B) Baseline-normalized spectrograms from a frontal channel aligned with respect to LOC and ROC. The
spectrogram quantifies the power in the electroencephalogram as a function of time (x-axis) and frequency (y-axis). The white
contour circumscribes the regions where power differs significantly from baseline (P < 0.05, sign test) and indicates significant
increases in power spanning low frequency (0.1 to 1 Hz) through gamma (25 to 35 Hz) bands. The largest oscillations are in
the slow (0.1 to 1 Hz) and alpha (8 to 14 Hz) bands. Adapted from Purdon PL, Pierce ET, Mukamel EA, Prerau MJ, Walsh JL,
Wong KF, Salazar-Gomez AF, Harrell PG, Sampson AL, Cimenser A, Ching S, Kopell NJ, Tavares-Stoeckel C, Habeeb K, Merhar
R, Brown EN: Electroencephalogram signatures of loss and recovery of consciousness from propofol. Proc Natl Acad Sci U
S A 2013; 110:E1142-51. (Adaptations are themselves works protected by copyright. So in order to publish this adaptation,
authorization must be obtained both from the owner of the copyright in the original work and from the owner of copyright in the
translation or adaptation.)
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Frequency Bin (Hz) ~ Coefficient reexamined the effect-site concentrations associated with
275-30 0.003469 * o loss of consciousness for the subjects (18 to 36 yr of age)
245-97 0022001 o studied in Purdon et 2l? The effect-site concentrations
215-24 0.027539 o from our subjects (fig. 1) reflect what we see everyday in the
18.5 - 24 0024896 operating room: the doses required to induce unconscious-
155-18 0012265 & =% ness with propofol vary widely from person to person. In
125-15 0.424367 g‘s 02 E this case, the propofol effect-site concentrations associated

05 -1 0xeTTe - 0153 with loss of consciousness ranged from 1 to 4 pg/ml. Our
65-9 0.012887 01 data are consistent with previous studies. For instance, Iwa-
356 0.008227 s 00 kiri ez al.,° cited by Drs. Saraiva and Lobo, showed that
053 0.000659 , patients lost consciousness at propofol effect-site concen-

o

trations between 0.7 and 4.8 pg/ml. The strategy underly-
Fig. 3. Coefficients of the “canonical univariate parameter”
(CUP) used in Schnider et al.® to characterize propofol phar-
macodynamics. The largest coefficients correspond to the
alpha oscillation, one of the electroencephalogram signatures
of propofol-induced unconsciousness, shown in figure 2. rect. These data show that the PK/PD estimate is hkely to

ing target-controlled infusion is that if we cannot observe
a patient’s response to propofol, we use a population-based
PK/PD model to select a dose that is approximately cor-
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be inaccurate in an individual patient. Expecting a popula-
tion-based measure of anesthetic effect to produce exactly
the same effect in every patient is analogous to expecting
80 pg of phenylephrine to raise every patient’s systolic
blood pressure by 15 mmHg,.

What if instead the anesthesiologist could track in real time
a marker of an individual patients propofol-induced brain
state? Recent work suggests that this is highly tractable using
the electroencephalogram. In Purdon ez a/.,> we show the elec-
troencephalogram signatures associated with unconscious-
ness: a combination of slow (< 1 Hz) oscillations and alpha
(8 to 14 Hz) oscillations (fig. 2, reproduced with permission).
Although it is possible to recognize these oscillations in unpro-
cessed electroencephalogram recordings,” they are clearly evi-
dent in the spectrogram, which is the frequency distribution
of the electroencephalogram power displayed as a function of
time (fig. 2). We observe this propofol-induced signature of
unconsciousness every day in the operating room.!? These pro-
pofol-induced electroencephalogram oscillations are among
the largest neurophysiological signals seen in neuroscience,’
have been reported by a number of other researchers,!'~' and
relate fundamentally to the neurophysiological mechanisms
by which propofol produces unconsciousness.>!-20

The pharmacodynamics component of the Schnider
model is informed by an electroencephalogram representa-
tion that quantifies power within different frequency bands.?
In the Schnider model, the most significant indicators of pro-
pofol’s drug effect correspond to the alpha oscillation (fig. 3).
This observation is completely consistent with the fact that
the alpha oscillation is one of the two electroencephalogram
oscillations associated with propofol-induced unconscious-

l’lCSS.Z’ll’lz’lG*

However, it further suggests that we could
administer propofol with much greater accuracy in individual
patients by simply monitoring the electroencephalogram and
titrating the anesthetic to the desired electroencephalogram
signature. We have shown that like propofol, each anesthetic
has a distinct electroencephalogram signature.10-21-23

In anesthesiology, the electroencephalogram is often
viewed synonymously with processed electroencephalo-
gram indices designed to indicate “depth of anesthesia”
using a single number between 0 and 100. These indices
have been designed with a one-size-fits-all approach in
which the same index value is meant to represent the same
state of unconsciousness, regardless of the anesthetic being
administered, and without regard to significant age-depen-
dent differences in anesthesia-induced electroencephalo-
gram features.?*° Anesthesiologists have learned over the
years that their use does not reduce the incidence of aware-
ness®’ and that patients’ underlying brain states can vary
substantially despite being maintained within the recom-
mended index range.??%2 Alternatively, the unprocessed

* We conjecture that the slow oscillation may have been absent in
Schnider et al? due to the choice of the frequency bands for the
“canonical univariate parameter” or perhaps due to the choice of
electroencephalogram filtering parameters.
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electroencephalogram and its spectrogram make it possible
to view directly the patient’s brain states under general anes-
thesia.?> Over the past several years, we have been teaching
anesthesiologists at our institution to read the unprocessed
electroencephalogram and its spectrogram. The spectro-
gram makes the electroencephalogram easier to read and
relate to underlying systems neuroscience mechanisms.
Our course, “Clinical Electroencephalography for the
Anesthesiologist,” can be accessed online, free of charge,
at www.AnesthesiaEEG.com. A significant challenge in
teaching the electroencephalogram has been the perceived
complexity of the signal, but with appropriate application

12,1030 the structure

of modern signal processing methods,
of anesthesia-induced electroencephalogram oscillations
becomes much easier to discern. It is not surprising that
these electroencephalogram signatures may have been over-
looked previously in the absence of appropriate methods
to visualize them. Using the unprocessed electroencephalo-
gram and its spectrogram, electroencephalogram signatures
associated with brain states during general anesthesia and
sedation are easy to discern and interpret.

In the United States, we are eagerly awaiting newly pro-
posed programs to support research on personalized medi-
cine,® with the hope that at some point in the future, we
can administer therapies tailored uniquely to each patient’s
specific needs. An example would be choosing the correct
dose of medication for every individual. In anesthesiology,
we can move toward personalized anesthesia care by using a
“missing piece” of information that has been hiding in plain
sight all along: the electroencephalogram.
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Perioperative Care of the Elderly
Patient with Hip Fracture

To the Editor:

We were very encouraged to read Boddaert et al’s review!

and Colquhoun et al’s accompanying editorial® on the con-

temporary management of elderly patients with hip fracture,
an international health problem that would benefit hugely
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