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Abstract
We implemented a pharmacokinetic/pharmacodynamic (PK/PD) based optimization algorithm recommending intraopera-
tive Remifentanil and Propofol infusion rates to minimize time to emergence and maximize the duration of analgesia in a 
clinical setting. This feasibility study tested the clinical acceptance of the optimization algorithm’s recommendations dur-
ing scoliosis surgical repair for 14 patients. Anesthesiologist accepted 359/394 (91%) of the recommendations given on the 
basis of the optimization algorithm. While following the optimization’s recommendations the anesthesiologist decreased 
Propofol infusions from an average of 164–135 mcg/kg/min [p = 0.002] and increased Remifentanil infusions from an aver-
age of 0.22–0.30 mcg/kg/min [p = 0.004]. The anesthesiologists appeared to accept and follow the recommendations from 
a PK/PD based optimization algorithm.

Keywords  Anesthesia · Pharmacokinetic · Pharmacodynamic · Total intravenous anesthesia · Optimization · Idiopathic 
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1  Introduction

During general anesthesia, anesthesiologists titrate their 
anesthetic with an immediate focus on the intraoperative 
requirements of providing adequate analgesia and maintain-
ing unresponsiveness, while also seeking the postoperative 
targets of a rapid emergence and postoperative analgesia. 
Dosing anesthetics to meet these intraoperative requirements 
and postoperative targets is challenging when the surgical 
procedure is complicated and associated with high pain 
intensity, as with spine surgery [1]. A potential dosing regi-
men to increase postoperative analgesia includes the intra-
operative use of methadone, but high doses of opiates may 
also prolong emergence times [2, 3].

Incorporation of pharmacokinetic and pharmacodynamic 
(PK/PD) models may enable anesthesiologists to achieve 
their intraoperative requirements and postoperative targets 
[4]. Based on PK/PD technology, we developed an optimiza-
tion algorithm to recommend intraoperative dosing regimens 
that not only focus on intraoperative sedation and analgesia 
requirements but also target a rapid emergence and pro-
longed postoperative analgesia [5].

The optimization algorithm was modified to recommend 
both Propofol and Remifentanil infusion rates in the pres-
ence of a one-time methadone bolus. The aim of this study 
was to test the feasibility of a PK/PD based optimization 
algorithm. We hypothesized that the optimization algorithm 
will be considered acceptable, defined as a rate of agree-
ment of more than 80% between the recommendations of the 
optimization algorithm and the applied adjustments by the 
attending anesthesiologists. To test this hypothesis, we per-
formed a preliminary open label cohort study of 14 patients 
who underwent surgery for adolescent idiopathic scoliosis 
repair.
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2 � Methods

With IRB approval, the optimization algorithm was imple-
mented in 14 adolescents who underwent idiopathic sco-
liosis repair surgery and the University of Florida Hospital 
from 6/2015 until 9/2016. The primary outcome measured 
was the anesthesiologist’s rate of agreement with the opti-
mization’s recommendations of Remifentanil and Propo-
fol intraoperative infusion rates; intended to determine 
whether anesthesiologists accept the recommendations 
of the algorithm. Secondary outcome measures were the 
observed time to emergence, time to first postoperative 
opioid administered, postoperative opioid consumption, 
and postoperative pain scores. The time to emergence was 
defined as the time from the end of surgery (skin closure) 
until the patient could respond by moving their feet. Feet 
movement was the hospital’s emergence requirement fol-
lowing scoliosis surgical repair. The postoperative pain 
scores were collected per hospital format; VAS on a scale 
from 0 to 10 recorded by the nurse in the electronic medi-
cal record every 4–6 h.

Inclusion criteria for all patients were ASA class I-II 
status, a diagnosis of adolescent idiopathic scoliosis and 
age between 10 and 19 years. A single surgical team at the 
University of Florida hospital (UF Health) provided care 
for all patients. Subjects were excluded if they were being 
treated with drugs known to alter anesthetic requirements 
(e.g., opiates, alpha2 agonists, anticonvulsants, antidepres-
sants) or restrictive lung disease. No female subjects either 
pregnant or breast feeding were included in the study. 
Inclusion criteria for the study required the anesthesiolo-
gists to only use Propofol, Fentanyl, Remifentanil, and 
methadone. The methadone was administered as one bolus 
between 0.25 and 0.40 mcg/kg at the beginning of surgery.

For each anesthetic administration a study investigator 
was present to employ the algorithm, present the algo-
rithm’s recommendations, and record data. To employ the 
algorithm, the study investigator recorded doses and times 
of administration of anesthetics, and the patient demo-
graphics (age, height, gender, and weight). The first rec-
ommendation for each patient was given approximately 
30 min after induction, which was when the anesthesiolo-
gists’ work load lessened. After the first recommendation 
was given, recommendations were shared every 10 min 
until the end of surgery. Specifically, the study investi-
gator shared the algorithm’s recommended Propofol and 
Remifentanil infusion rates with the anesthesiologist. The 
anesthesiologist was found compliant with the recommen-
dation if they changed infusions rates as recommended 
within 2 min. The adherence to the recommendations and 
reason for non-compliance were recorded by the study 
investigator. The patient time to emergence, time of first 

postoperative opioid administered, postoperative opioid 
consumption, and visual analog scale pain scores (the first 
24 h following surgery) were recorded by the hospital staff 
in the electronic medical record as per their normal docu-
menting process.

The rate of agreement was determined by the total num-
ber of times the clinician agreed with the algorithm divided 
by the total number of times the recommendations were 
given. If the overall rate of agreement exceeded 80% the 
algorithm would be determined accepted. A student t-test 
statistic was performed to compare the changes of the Propo-
fol and Remifentanil infusion rates before and after optimi-
zation recommendations were given.

2.1 � Optimization overview

The optimization algorithm is a PK/PD based mathematical 
model we have previously developed [5]. For this applica-
tion the optimization algorithm was modified to also include 
methadone. The include methadone in the algorithm it’s pre-
dicted effect site concentrations were converted to remifenta-
nil equivalents [6, 7]. The inputs into the optimization algo-
rithm are the patient demographics (age, height, weight, and 
gender), the time and duration of each dose administered, 
and the rate (infusion) or size (bolus) of that dose, and the 
estimated remaining duration of surgery. The outputs of the 
optimization algorithm are the predicted time to emergence 
and duration of analgesia for the current dosing regimen and 
the predicted time to emergence and duration of analgesia 
for the optimized dosing regimen. The optimization algo-
rithm attempts to maintain the ‘level’ of anesthesia based off 
the assumption that the current dosing regimen is adequate 
and appropriate. The goal of the optimization algorithm is 
to recommend the intraoperative dosing regimen to maintain 
the ‘level’ of anesthesia while minimizing the time to emer-
gence and maximizing the duration of analgesia.

2.2 � Presurgical introduction to the optimization 
algorithm

Prior to the study, each of the board certified anesthesiolo-
gists were individually introduced to the optimization algo-
rithm. This introduction was intended to explain the concept 
of using pharmacokinetic (PK) and pharmacodynamic (PD) 
models to optimize anesthetic dosing. PK models were intro-
duced as mathematical estimations of the anesthetic concen-
trations in the patient and the PD models estimate the effect 
anesthetic concentrations have on the patient [8]. These 
models were described to be population based with limited 
reliability when applied to individuals [9]. At this phase of 
the introduction the optimization algorithm program was 
shown to the anesthesiologist to illustrate the mathematical 
modeling, Fig. 1.
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2.3 � Intraoperative operation of the optimization 
algorithm

After the anesthesiologist had viewed the display they were 
reminded that the PK/PD optimization did not account for 
other variables that might affect their decision making pro-
cess: heart rate, blood pressure, and BIS value. The anesthe-
siologist was informed the PK/PD optimization algorithm 
would not determine the ‘level’ or ‘depth’ of anesthesia; but 
rather, that it would find the best post-operative outcomes 

while maintaining their set level. The anesthesiologist was 
expected to make the clinical decision determining if the 
recommended infusion rates were safe and appropriate for 
the patient. Furthermore, after each given recommendation, 
if they deemed the infusion rates inappropriate they would 
be queried why. The study investigator recorded the infu-
sion rates administered, the recommendations, compliance 
to the recommendations, and any reason for not following 
the recommended change of infusion rates. When the anes-
thesiologist rejected the infusion rate recommendation the 

Fig. 1   Optimization algorithm MATLAB GUI. MATLAB GUI with 
the optimization algorithm programmed software. The top left is the 
box for the study investigator to enter the patient demographics and 
estimated surgery length. The surgery length can change as the esti-
mation becomes more certain. The algorithm requires initialization 
where it simulates a wide range of possible Propofol and Remifenta-
nil infusions rates, as done with the ‘initialize button’. After initializa-
tion the optimization can optimize the infusion rates, the ‘Optimiza-
tion current admin’ button searches the combinations of Propofol and 
Remifentanil infusion rates finding the one forecasted to have the best 
postoperative emergence and analgesia responses. The upper middle 
box displays the recommended Propofol and Remifentanil infusion 
rates after the algorithm is executed. Also when the optimization is 
run, the PK and PD estimations for the optimized infusion rates are 
illustrated through the display. The effect site concentrations are 
shown in the top right panel; Remifentanil in red, Propofol in blue, 
and induction Fentanyl and bolus methadone in green. The solid lines 
indicate the effect site concentrations for administrations proceed-

ing the current implementation of the optimization algorithm and 
the projected effect site concentrations for maintained infusion rates. 
The dotted lines indicate the effect site concentrations if the infusion 
rates recommendations are followed. In this example the recommen-
dation simulation was run at the 85 min mark. The Remifentanil infu-
sion rate was recommended to increase to 0.29 mcg/kg/min and the 
Propofol infusion rate was recommended to decrease to 145 mcg/kg/
min. Also displayed on the PK box display are two solid black verti-
cal lines indicating the estimated end of surgery and emergence time. 
The emergence and analgesia predictions are calculated and displayed 
in the box in the left middle panel. The bottom panel displays the 
pharmacodynamics estimations laid upon the pharmacodynamics 
response surface. The solid green line is the current trajectory admin-
istration, while the red line indicates the optimized trajectory. For the 
first phase of the surgery the red and green line track each other, near 
the middle of the graph the two lines diverge, which is indicative of 
the point when the optimization was run
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actual infusion rates were input into the algorithm, at the 
next time interval the algorithm was implemented again.

3 � Results

The optimization algorithm was implemented on 14 patients 
to generate 394 recommendations. The anesthesiologist 
accepted and followed 359/394 (91%) of the recommen-
dations given. Partial acceptance occurred twice when the 
anesthesiologist changed the infusion rates half of the dis-
tance to the recommended infusion rate amounts. There were 
three reasons for non-compliance; (1) lowering the Propofol 
infusion rate would cause an unsafe rise in patient intraop-
erative awareness evidenced by rising BIS values, (2) rais-
ing the Remifentanil infusion rate would cause hypotension, 
and (3) wanting to focus solely on decreasing the patient’s 
emergence time because the methadone administration was 
expected to provide sufficient postoperative analgesia.

The majority (79%) of naïve recommendations, recom-
mendations after the anesthesiologist changed infusion 
rates or at the beginning of the anesthetic, were to increase 
Remifentanil while simultaneously decreasing the Propofol 
infusion rates. The anesthesiologists reached the optimal 
infusion rates and generally maintained those doses dur-
ing the maintenance phase, the majority of the algorithm’s 
recommendations (81%) were to maintain the Propofol and 
Remifentanil infusion rates. During the course of the mainte-
nance phase the algorithm guided clinicians to decrease the 
Propofol infusion rate to 135 ± 28 mcg/kg/min a decrease of 
29 ± 31 mcg/kg/min [tstat = − 3.4, p = 0.004, 95% CI = − 44 
to − 10] and increase the remifentanil infusion rate to 
0.30 ± 0.07 mcg/kg/min an increase of 0.08 mcg/kg/min 
[tstat = 3.9, p = 0.002, 95% CI = 0.05–0.19].

Patients emerged 20 min [7–33; 25–75% quartile] after 
surgery, required the first rescue opioid administration 
54 [20–128] min after entrance to the recovery unit, and 
received the equivalent of 10 [4–17] mg of morphine dur-
ing the first 24 h during which time their average VAS pain 
score was 3.4 ± 1.8. There were no adverse events observed 
or recorded when the anesthesiologist followed the optimiza-
tion recommendations.

3.1 � Discussion

The anesthesiologists positively accepted the recommenda-
tions from the optimization algorithm as indicated by the 
agreement rate of 91%. The high agreement rate indicates 
that anesthesia providers felt the recommended dosing rates 
were within their clinical scope. Furthermore, it appears that 
a PK/PD based optimization algorithm may be an intraop-
erative tool anesthesiologists are willing to use.

However, the high rate of agreement might be elevated 
by the education given pre-operatively associated with the 
intra-operative presence of a study investigator. The anes-
thesiologist might have conformed to the recommendations 
of the study investigator because of a perceived aggrandize-
ment of the PK/PD optimization algorithm. Additionally, 
the workload for the anesthesiologist workload might have 
diminished since the anesthesiologist only had to determine 
the ‘level’ or ‘depth’ of anesthesia but did not have to worry 
about postoperative emergence or analgesia.

A feasibility study testing the implementation on this 
cohort was chosen because we were unsure if positive results 
could be found amidst the study limitations. One study limi-
tation is the clinical application of PK/PD models which 
have inherent variability around their predictions [9, 10].
We were unsure if anesthesiologists would be willing to fol-
low an intraoperative PK/PD tool; while intraoperative PK/
PD tools are available on the market but are not common 
in an operating room setting. Previously the SmartPilot® 
and Navigator® have been shown to visualize the anesthetic 
PK/PD landscape intraoperatively and have decreased the 
anesthetics used [11]. Other PK/PD tools, such as target 
controlled infusion pumps, are becoming more common 
in Europe. Target controlled infusion pump technology has 
advanced to feature EEG based closed loop control of seda-
tive/hypnotic agents [12]. These PK/PD tools available on 
the market are focused on establishing the depth of anesthe-
sia and the intraoperative anesthetic. Thus, the feasibility 
of good acceptance for an intraoperative PK/PD tool in the 
US was suspect. The technology implemented in this pro-
ject could be an excellent companion to the PK/PD display 
technology to allow them the freedom to adjust the ‘level’ of 
anesthesia as needed while allowing the technology to target 
optimal post-operative outcomes. A second limitation of the 
study was implementing the PK/PD models in a pediatric 
population. The PK/PD models were developed using adult 
populations [8] thus their accuracy in a pediatric population 
is questionable [13]. A third study limitation is the conver-
sion of opioids, fentanyl and methadone, into remifentanil 
equivalents. While it is generally understood that opioids 
have pharmacodynamic similarities the conversion between 
opioids is not well definied [6].

This feasibility study successfully determined that the 
anesthesiologists accepted the dosing rate recommenda-
tions from the optimization algorithm. Further feasibility 
studies should be performed on the optimization algorithm; 
determine if the optimization algorithm will operate success-
fully in different patient populations (adult, elderly), or with 
different surgery types, or with inhaled agents. If product 
development is desired then the feasibility of the operation 
of the optimization algorithm in an anesthesia monitor, with-
out a study investigator, should be designed.
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