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Design and clinical evaluation of robust PID control
of propofol anesthesia in children

Klaske van Heusden, Guy A. Dumoriigllow, IEEE Kristian Soltesz, Christian L. Peterséviember, IEEE
Aryannah Umedaly, Nicholas West, J. Mark Ansermino

Abstract—This paper describes the design of a robust PID TCI systems use population-based pharmacokih@®k) and
controller for propofol infusion in children and presents the pharmacodynamfc (PD) models to calculate an adequate
results of clinical evaluation of this closed-loop system uting infusion profile to achieve the drug concentration defined

endoscopic investigations in children age 6y-17y. The cawller . . . .
design is based on a set of models that describes the in'[er-by the anesthesiologist [2]. To accommodate the inteepati

patient variability in the response to propofol infusion in the Variability, this target concentration needs to be adpidig
study population. The PID controller is tuned to achieve suficient  the anesthesiologist. Closed-loop control of drug infodias

robustness margins for the identified uncertainty. 108 chifren  the potential to reduce the effect of inter-patient vatigbi
were enrolled in the study, anesthesia was closed-loop coalled 54 jmprove control of the general anesthetic state [4]- Fea

in 102 of these cases. Clinical evaluation of the system shew ibility of cl d-l trol of fol infusion baseah
that closed-loop control of both induction and maintenanceof Sibility or closed-loop control of propotol Intusion bas

anesthesia in children based on th&/’ AVc s index as a measure Continuous measurement of the depth of hypnosis (DOH) has
of clinical effect is feasible. A robustly tuned PID controler been shown in several clinical studies in adults (e.g. [6], [

can accommodate the inter-patient variability in children and  [7], [8], [9], [10], [11], [12], [13], [14]). Such studies e
spontaneous breathing can be maintained in most subjects. had little impact on clinical practice due to concerns about

Index Terms—Anesthesia, robust control, clinical trials, PID the safety of these systems and the reliability of the sensor
control Furthermore, demonstration of improved patient outcome is
required to convince clinicians of the benefits of closeaplo
controlled systems.

The large inter-patient variability in individual resp@ss

Propofol is an intravenously administered anesthetic driyg propofol infusion is an important cause for concern in
that is commonly used for induction and maintenance of anege safety of closed-loop systems. Oscillatory behavioas w
thesia. In general anesthesia in the operating room, pobpadbserved in some clinical trials, for example in the evatrat
is often used in combination with fast acting opioids lik&f a PID controller [15] and a neuro-adaptive controller][16
remifentanil [2]. Individual responses to propofol and fem-  For wide acceptance of a closed-loop system by clinicians
tanil infusion vary largely in adults and even more in chélidr gnd regulatory authorities, guarantees of robust stakalitd
[3]. When administered together, propofol and remifertanjerformance are required. It has been shown in simulatiain th
have a synergistic effect. Underdosing of anesthetic drugss possible to design a closed-loop drug delivery system f
may lead to awareness or insufficient analgesia. Overdosigtghtrol of DOH that is robust in the presence of significant
may cause the patient to stop breathing and could provakeer-patient variability [17]. Using a combination of nat
cardiovascular collapse. The anesthesiologist therefore control techniques and models that describe the inteepiati
tinuously monitors the patient state and adjusts drug dosivariability [18], stability and performance of the closkxbp
accordingly to balance the anesthetic state, autonomatitm can be achieved despite large variability.
and response to noxious stimuli (see [4] for an introduct®on  This study aims to 1) verify the feasibility of robust
clinical anesthesia). PID control of propofol infusion in children, using the

Drug infusion rates in intravenous anesthesia are tradiz AV, ¢ index (NeuroSENSE monitor, NeuroWave Systems
tionally manually controlled by the anesthesiologist. Comnc., Cleveland Heights, USA) as a measure of the clinical
puter aided open-loop delivery systems known as target c@f¥fect, 2) demonstrate that a robustly tuned PID controller
trolled infusion (TCI) systems are commercially availablecan accommodate the large inter-patient variability ober

. _ in this patient group and 3) assess the performance that can

rat{/ r:sH"églrt';V"Raessggfcﬁ]og‘fgjg;.””ds received from NSERC/CIHR&DO- o 4chieved with robust PID control. This paper describes th

K. van Heusden and G.A. Dumont are with the Department oftiat and  controller design process and provides technical detéilsi®
Computer Engineering, University of British Columbia, ¢anver, Canada. study. The presentation of the results from the clinicatlgtu
(ergﬁl'f g:i’gfei‘fe:baﬁfg daly, N. West and J.M. Ansermino ardhwie  10CUSSes on evaluation of the achieved control performance
Department of Anesthesiology, Pharmacology and Theraseutniversity identification of limitations of the proposed design and di-

of British Columbia, Vancouver, Canada. rections for future research and improvements from a céntro
K. Soltesz is with the LCCC Linnaeus Center, Department ofofatic
Control, Lund University.
Part of the data reported in this paper has been published]irarid IPharmacokinetics describe the transport and metabolisandstig.
presented at STA2012, CAS2012 SPA2012 and WCA2012. 2pharmacodynamics relate plasma drug concentration tizadlieffect.

I. INTRODUCTION



engineering perspective. A clinical perspective on thiglgt E

is presented in [19]. A u p LG Fa g, |Ce0) f B(1)
This paper is organized as follows: Section Il gives an Vs R !

overview of closed-loop control in anesthesia and dessttive : PD Model |

system requirements as well as the hardware used in thigstud 77T

The controller design, including quantification of the unce 5 opioids | d(t) a(t)

tainty, is detailed in Section Ill. The clinical study andéhital u(t) ¥ +l+ . l + WAVers(t)

results are described in Section IV. The achieved perfooman ~ ——| 'Hi=0" > patient—>(O)——>—{ 20—
and limitations are discussed in Section V. Conclusions are ®)

given in Section VI. Fig. 1. A: PKPD model structure. The PK model is followed by thD
model consisting of a linear first-order transfer functiom ghe nonlinear Hill
II. CLOSED-LOOP CONTROL IN ANESTHESIA function. Fig. B: Block diagram representing propofol ghesia in open-loop.
. . . u(t) is the infusion rate set by the anesthesiologist. The infupump delivers
A. Review of control in anesthesia propofol to the patient. In this study, the opioid remifenitavas administered

i [ ; : -~ infaddition to propofol, indicated by the dashed line. The HD@onitor
The state of general clinical anesthesia is a combination r??(fjvides a measure of the clinical effed¥/(AVcons(t)). Both stimulation

hypnosis (also referred to as anesthesia), analgesiarspprom the procedured(t)) and measurement noise(¢)) affect the measured
sion of nociceptiof) and muscle relaxation. From these thre® AVeys.

components of clinical anesthesia, control of depth of logm
has attracted the most attention in automation researcf8[7]
[9], [10], [11], [13], [16]. Recently developed DOH monitor B. Characteristics of propofol anesthesia
like the BiSpeCtraI Index (BlS) monitor and the NeuroSENSE The effect of prop0f0| on the DOH is traditiona”y mod-
monitor provide measures of DOH suitable for corfirol gled using compartmental pharmacokinetic-pharmacodimam
Equivalent monitors for nociception have not been studiggkpp) models. The PK model relates the propofol infusion
for closed-loop control. Most clinical studies have theref rates to the plasma concentratiof (¢). The PD model
been limited to control of DOH, and use manual control qglatesC,,(t) to the clinical effect. An LTI model describes
TCI schemes for opioid infusion. Feasibility of control ajith  the relation betweent', (t) and the effect site concentrations
DOH and analgesia through propofol and remifentanil infosi ¢, (1), the relation betweey’, () and the clinical effec(t)
based on feedback of the measured DOH has been shqwBescribed by a nonlinear Hill function, as shown in Fig. 1A
recently [5], [6]. Control of muscle relaxation can be sepel A plock diagram representing propofol anesthesia in open-
from control of DOH and nociception because neuromuscu\@bp is shown in Fig. 1B. The dynamics of the infusion
blockade has no explicit interaction with anesthetic dragd pump are assumed to be negligible. The patient response is
opioids and is not addressed in this study. nonlinear (see Fig. 1A). In this study, the opioid remifemiita
Closed-loop control systems that have been evaluated ci@zgministered in addition to propofol. When administeied
ically vary widely in control strategy and experimentalg®t gether, propofol and remifentanil have a synergistic éffEoe
In several studies, maintenance of anesthesia was closgghical effect of anesthetic and analgesic agents is ttbc
loop controlled, while induction of anesthesia was opesplo by nociceptive stimulation caused by the procedutg).
controlled using a TCI [10], [13] or manually controlled [20 Nociception decreases the clinical effect and can thesefor
[11]. Induction of anesthesia was closed-loop controlief8].  not be assumed zero mean. The response to such disturbances
Several systems use TCl as a basis for the closed-loop systgBhends on the level of analgesia. The characteristicseof th
where the closed-loop controller adjusts the setpoint ef thyeasurement noise are affected by the NeuroSENSE filter
target concentration based on feedback from the measuresglftings and are therefore representedrif) entering the

the clinical effect [10], [8], [9], [13]. system before the DOH monitor.
Randomized clinical trials, comparing closed-loop con-

trolled anesthesia to open-loop strategies show the pakerft . o
closed-loop controlled anesthesia [6], [9], [13]. Stapiissues C. Design criteria
observed in clinical trials using heuristically tuned aofiers The controller designed for this study was required to
and controllers lacking robustness with respect to ther'int‘brovide safe and adequate anesthesia for children ageg,6-17
patient variability have also raised awareness for the méedaga |_[15. The design was required to accommodate the inter-
robustness [20], [16], [15]. This study aims to show that Batient variability observed in this patient group.
simple PID controller can provide robust control of DOH in The controller was evaluated during upper and lower
children, if the controller tuning is based on robust cohtrgyastrgintestinal endoscopic investigations, during Whice
principles that take the inter-patient variability exjlic into surgical stimulation is limited. Anesthesiologists atfgnto
account. Quantification of inter-patient variability issestial yaintain the patient breathing spontaneously throughact s
for this robust approach. cases. Since deep anesthesia is associated with apnea, it wa
3Stress response caused by noxious stimuli such as surgérg arsertion particularly important in this study to limit the DOH oversit
of a large bore endoscope that can be perceived as pain.
4Measures of the DOH range from 0-100, where the awake state-co SAmerican Society of Anesthesiologists physical statussifization sys-

sponds to 90-100, an isoelectric EEG corresponds to 0. Tieafyrange for tem. ASA I: normal healthy patient, ASA Il: patient with milslystemic
general anesthesia is 40-60. disease.



upon induction of anesthesia, while maintaining an acdspta
short induction duration.

Slow intravenous infusion of propofol in awake patients is
associated with pain, especially in children [21]. The desi ®__N |
was therefore required to provide sufficient propofol ifidas propofol  EESNTNSSSNE" | control
rates at the start of the propofol infusion to limit discomifo Pump i unit
for the patient.

touch screen
interface

D. Monitoring depth of hypnosis

Several clinical studies evaluating closed-loop systeons f
propofol infusion use the BIS monitor for feedback. The
dynamics of this monitor to step changes in the anesthetic
state were examined in [22], where variable time delays (14-
66 s) were found. In some cases the BIS monitor showed an
overshoot before settling at the correct value after anthas Fig. 2. The iControl closed-loop anesthesia system.
state transition. Nonlinearities and time delays intredliby
the sensor reduce the achievable control performance in a
closed-loop system. Online time-delay estimation was sugPmplete uncertainty set. Furthermore, the validity ofilaiée
gested in [23] to compensate for the variable BIS de|ay 6K and PD models for children is debated [3] The initial PID
closed-loop control. controller design used in this study was therefore based on a

In this study, thelW AVons index provided by the Neu- Set of models identified from open-loop data collected dyrin
roSENSE monitor is used for feedback. This monitor wdgduction of anesthesia [1], [26].
developed specifically for closed-loop control. THeAVen s Following approval from the institutional ethics boardtala
algorithm is deterministic [24], the monitor dynamics ar#/as analyzed retrospectively for thirty (30) children uryte

linear, time invariant (LTI) [25] and are determined by awmo ing elective general surgery using total intravenous dessi.
trending filter. Propofol and remifentanil were administered as an initidlib

followed by a continuous infusion, manually controlled by
E. The iControl software platform the anﬁsmﬁfi%l[?ii;t Prqufol infusion riteds were r&mbr(?j
. ._.manually. The cns index was recorded every secon

,lo\ sofltwa_re p|6fltfﬁl’m (|C0n|'|crol)dwgs de_:_/ﬁ_lope(:t\;?r the CIInI'throughout each case. Disturbances due to stimulatioredaus
cal eva uatlo_n.o the cont_ro er design. This software was aby the procedure decrease the clinical effect and are not zer
proved for clinical evaluation by Health Can&d@he iControl _mean. To limit model bias due to such disturbances, only data

pla(;form u?els.fegdlt.)ack (fjrobm the l\lleqroSENS_EfDQH MONIQHm the first eight (8) minutes after the start of propofol
ag DILOpt_J 0 '; e||3v_ere UySZn Alaris TI\(;A INTUSION PUMBLsi0n were used for model identification. Recordings tha
(CareFusion, San Diego, ) connected to an Intravenoys,,;, a strong reaction to stimulation during these first 8

line. The system is operated through a touchscreen mmrf?ﬁinutes were discarded. Data sets of fourteen (14) subjects

and was subject to an extensive usability study prior to ﬂ(}?ere of sufficient quality for identification
clinical study. '

. . . A model based on a PKPD model structure was identified
In addition to the robust PID controller, iControl contaln:?Or each of these 14 data sets. Plasma concentrations cor-

n?ce_ssal\ry saf-(:ty Ia_yertshand coII?_cts real—umiet data T;Ofeﬂ?responding to the propofol infusion profiles were calcudate

10 ogltcr:]a .mlonl_ ?rs'tlr? deICJpergl ng r??mab Fl’(rog' es %sing the Paedfusor PK model [27]. PD model parameters for

anesthesiologist with audible and visual feedback. Duengh .the 14 individuals were identified, using a two-step identi-

case, both data from the control system and the physmlbg'ﬁ@aﬂon procedure. In this approach, a linear approxinmatio

monltt(_)rs ar?l rgi:or(tjﬁd evetry secq{nd. Itf_ n(l)l reha_lili metaSltJB(?'the response at induction of anesthesia is identified in
ment 15 avarlable, the system aufomatically switches fo Iﬂ‘?e first identification step. In a second identification step
fallback mode. The complete system is shown in Fig. 2. In thﬂﬁ

tud d infusion devi ¢ ted to the iGbnt e nonlinearity in the PKPD model structure is identified.
study, a second Infusion device, not connected o the 100Nty e gqels identified using this approach are expected to
system, was used for remifentanil infusion.

underestimate the nonlinearity and overestimate the tietegyd
The variability in the response to propofol infusion is #fere
I1l. CONTROLLER DESIGN largely described by the linear dynamics and the models can

A. Quantification of the inter-patient variability be used for the design of linear robust controllers. Detafils

An accurate description of the inter-patient variability i this modeling study and model validation can be found in [26]
drug sensitivity is essential for the design of robust caligrs
of DOH. Population-based PKPD models provide average robust PID controller design
models and possibly standard deviations for the model pa-

rameters, but do not provide an accurate description of the/ Set of 14 subject models provides a limited represen-

tation of the uncertainty in the full study population. The
8Investigational Testing Authorization — Class Ill. Apgiton # 168968. initial controller design was therefore conservative, iagnat

} cortical EEG
j monitor
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Fig. 3. ~ Bode diagrams of models identified from open-loopaddin-  £ig 4 Ppredicted closed-loop responses of induction ofesia for the
earized for induction of anesthesia. The assumed input afglibunits are 14 jgentified models from open-loop data, controlled by tiigail robust PID
ug/kg/min and100 — WAVc s respectively. controller design described in Section IlI-B.

large robustness margins, prioritizing safety over tighpsint  8.3(4.0,25.2), phase margins5(52,72) degrees, maximum
tracking. The PID controller was tuned to find an adequaggodulus of the sensitivity functionA{,) 1.2(1.1,1.5) and
balance between performance and robustness [1]. Mangalay margir286(209,412) seconds. The worst case gain and
loopshaping using linearized models was combined with timghase margins aré.0 and 52 degrees respectively. Predicted
domain performance evaluation using the nonlinear modelsslosed-loop responses of induction of anesthesia of the 14

The 14 models were linearized for induction of anestHesiaonlinear models controlled by this PID controller are show
to yield a set of LTI plant models [26]. The Bode diagrams dh Fig. 4.

these linearized models are shown in Fig. 3. Robustness was
evaluated in the frequency domain based on the loop furetioqR  controller retuning

for the 14 linearized models and the achieved phase and gai

margins. Performance was evaluated based on time domaigx.mt;g”er performagcetyvasl\(j\flgatfg after ﬁlm'c_ﬁl] ea;ng
responses from simulation of induction of anesthesia ard fjon in 23 cases (see Section IV-A for the results). The

response to disturbance rejection for the 14 nonlinear tsode"3S s_table during maintenance of angs_thema and_the relssstn
The sampling time of the controller was choseras 5s. margins were deemed largely sufficient for this group of

The measuredV AV index is filtered by a SeConOI_Orderpatients. The average overshoot upon induction of andathes
filter with time constant off’;;, = 15s to attenuate high fre- was 10 and the worst case overshoot wag WAVons

quency measurement noise. The setpoint was Iow-passdiltei"g'ts' The controller was retuned to reduce induction time a

with a time constant,, — 25s. Furthermore, the setpoint wasncrease the _drug_dose at the start of induction as desired by
excluded from the derivative action path, which is custqmalt’he anesthesiologist and to improve performance.. .

to avoid control signal spikes at setpoint changes. Integra . Note.that the overghoqt was If’;\rger than pred|pted in the
anti-windup was achieved by conditional integration: inait simulations as shown in Fig 4. This could be explained by the

integrator updates whenever the actuator was saturatesl. ﬁﬁ;i:;igtnez?z:?;ﬂteiigogdlﬁotgstggr?gnﬁEgg;i?nﬁl?ﬁ:eq ¢
state of the derivative filter was initialized to a non-zeatue ' y ays

resulting in a small bolus, to reduce the duration of probofgnd ilde_ntifiability issues related to this nonlinear stve the
infusion pain. The controllér input is tH& AVo s index. The predictive accuracy of the model depends on the experirhenta
controller ou'.[put is the infusion rate iml/h of a 10mg'/ml conditions [26]. Additional models were identified from the

ollected closed-loop data and the controller was redeslign

propofol solution. The controller gain is scaled by patiect
: o . . . ased on both the open-loop and closed-loop model sets.
weight, which is standard in manual practice and also tth;é 1) Quantification of the inter-patient variabilityData from

for PKPD models in children. This was the only demographtﬁe first 10 minutes after the start of propofol infusion were

ad#uhsetrrl;(lagt O;rzr%g'fz;esrv(\)/:‘sti;Di(r?i?i;locr:)t;ct):lsllretruglens?. n (palall used for identification. Nine (9) data sets that show a strong
P gn v reaction to stimulation during the first 10 minutes aftergteat

form) are {K' = Tgzm, T; 2255, Ta 33s}, where of propofol infusion were discarded to minimize model bias

m s the SUbJ.eCtS We_|ght in kg. This cor_1tro||er results Indue to disturbances. 14 models were identified (see [26] for
a median gain margin of 8.3 and median phase margin, . .
. ; o getails). Consequently, the model set for controller rigges
of 65 degrees. The inter-patient variability is reflected in~ . . . : I
L . . . onsisted of28 models, including thel4 models identified
the range of the margins: gain margin, median (min, ma>§
bm open-loop data.
"The gain is calculated by linearizing the Hill function betm Eq (the 2) Controller requ|gn:_The_Contr0|ler was redesigned to
measured effect in the absence of propofol) &Hd Ve ng = 50. improve speed of induction, improve the response to stimu-



TABLE |
SUMMARY OF CLINICAL EVALUATION FOR THE DIFFERENT CONTROLLER
SETTINGS THE NUMBER OF CASES IS INDICATED WHEREONE OR MORE
PROPOFOL BOLUSES WERE GIVEN DURING INDUCTION OR MAINTENANE
OF ANESTHESIA THE W AV s SETPOINT WAS INCREASED TO> 50 OR
DECREASED TO< 50, ONE OR MORE EPISODES OF AIRWAY
OBSTRUCTION APNEA REQUIRED INTERVENTION

DOH [WAVcns]

Group 1 Group 2
Initial controller  Redesigned
= and fine-tuning controller
£ Number of caseg 31 71
3 Propofol bolus during induction 3 3
£ Propofol bolus during maintenancg 0 10
g Setpoint> 50 | 13 21
= Setpoint< 50 | 3 7
2 Airway obstruction or apneic episodes
£ requiring intervention| 1 10

Time [min]

Fhig- 5. (Fj’r?di%ted fCksz?d-lOOp reslponsgs of ir(ljduhction Ofsmcfﬁ‘f fgf were enrolled in the clinical study. Administration of puafpl
the 14 models identified from open-loop data and the 14 madelstifie . . . . . _
from closed-loop data. Solid lines: responses for theahitontroller design durlng |nduct|0|_1 and maintenance of anesthesia Was closed
(Section 11I-B). Dashed lines: responses of the modelsrobed by the |0op controlled in 102 cases (53 F, 49 M, age (median (range))
redesigned controller described in Section Ill-C. Thektines indicate the 12 5y (6-17), weight 48kg (19-75), height 156cm (112-185))

setpoint. Three cases were excluded prior to induction of anesthesia:

in one case, intravenous access could not be obtained; in

lation and increase propofol infusion rates at the startef ttwo cases, the signal quality from the NeuroSENSE sensors

case to alleviate pain related to slow propofol infusione THVas inadequate. Three further cases were excluded durng th
PID parameters of the retuned controller gi§ = 788, Maintenance of anesthesia: the anesthesiologist swititteed

T; = 180s, Ty = 60s}. The non-zero initialization %f the control system to TCI mode in two cases due to limited signal

derivative filter to generate a small bolus at the start @uality;inone case, a pump error prompted a switch to manual

induction of anesthesia was replaced by a bolu§agfnl/n  infusion.

for 15s. The setpoint filter was removed, resulting in higher Prior to induction of anesthesia, NeuroSENSE electrodes

infusion rates at the start of induction of anesthesia. were applied and intravenous access was obtained. Fotjowin
Based on the extended model set of 28 models, mediigpcaine (.5mg/kg), remifentanil was administered as a

gain and phase margins for this redesigned controller wére bolus 0.5.g/kg) over 1 minute, followed by continuous infu-

and 49 degrees respectively. The range of margins reflectispn 0.031.9/kg/min). Oxygen al/min was delivered via

the inter-patient variability is given by median (min, max)nasal cannulae. Both induction of anesthesia and maintenan

3.6(1.9,16.5) for the gain margin,49(29,70) degrees for Of anesthesia were closed-loop controlled. The NeuroSENSE

the phase marginl.5(1.1,2.4) for M, and 174(87,292) 30s trending filter was used. Boluses of propofol could be

seconds for the delay margin. The worst case gain and phaggiinistered and setpoint changes could be made at the

margins arel.9 and 29 degrees respectively. For comparianesthesiologists discretion.

son, the margins for the initial controller design based on The controller design described in Section Ill-B was evalu-

this set of 28 models are given: gain margin, median (miated in23 cases. For evaluation purposes, the results from

max), 4.6(2.1,25.2), phase margirs6(38,72) degrees, M, these 23 cases are combined with the 8 cases where the

1.4(1.1,2.2)) and delay margir237(113,412) seconds. controller was fine-tuned. These 31 cases are referred to as
The simulated response of induction of anesthesia of tfgoup 1. The final controller design described in SectioiCllI

retuned controller is compared to the initial design in Figvas evaluated il cases, referred to as Group 2.

5. The predicted overshoot for both controller designs @n th

extended model set is similar, speed of induction is in@éasA. Summary of the results

and the infusion rate at the start of induction is increased, 14 requits for the different controller configurations are

required. The controller redesign was fine-tuned durings@$a g\, j\marized in Table |. Spontaneous breathing was success-
(the setpoint filter was changed after 3 cases, the comrolpa”y maintained in most cases, through limiting speed of

gain was calculated using the lean body mass in 5 cases). Jhig,ction and the overshoot, avoiding large DOH and conse-
final controller was evaluated ifil cases (see Section V). quently apnea. In1 of the 102 cases, one or more episodes of
IV. CLINICAL EVALUATION airway obstruction or apnea required intervention (se¢ fd9
] i details). The average minimui¥ AV s index reported in

Following REB apprové] and informed consent/assefil e first three minutes after induction of anesthesia wasui2 a
children aged 6-17'y, ASA I-l1, requiring anesthesia forcele ihe minimum of the reported values was 30 for the redesigned
tive upper or lower gastrointestinal endoscopic invesitgs, .onroller, see Table II. Due to the inter-patient varidpiin

8The UBC Children’s and Women's Research Ethics Board (Hiora), the response to anesthetic drugs, breathing can be affected
Vancouver, Canada. individuals also at lighter hypnotic states.



The recommended range of th& AVeons index during
general anesthesia i) — 60 [28]. The appropriate DOH
depends on the patient, the requirements of the proceddre
the intensity of nociceptive stimulation. During colonopy,
a light anesthetic state is often sufficient. This is reflédte 0 10 20 30 40 50 60 70 80
the number of cases where the anesthesiologist increased
W AVens setpoint> 50, as indicated in Table I. i !

The achieved performance is summarized in Table Il. Indu
tion time (7;,,4) is defined as the time from the start of propofc
infusion until the measureld” AVy ys index first drops below
60 and remains below0 for at least30 (consecutive) seconds Time [min]

[9]. Predicted propofol plasma concentrations were cateal

using the Paedfusor model [27] for subjects up to 16y old afity- 6. MeasuredV AVoys index during induction and maintenance of
the Schnider model [29] for 17y. Maintenance of anesthedEaiesis: Top foure Resule o cases n Grop & Botlom e,
is defined as the period froffy;,,; until propofol infusion iS changes occurred during maintenance of anesthesia in sbthe oases.
stopped by the anesthesiologi§t.(;). The overshoot upon
induction of anesthesia is quantified as the lowésti Vo v s
reached in the first three minutes aftér,,; [9]. Table Il also
indicates the lowestV AV g reached during maintenance
of anesthesia and the percentage of time thatithéVe s
index is within10 units of the setpoint during maintenance o
anesthesia.

Performance measures derived from the Varvel performar
measures for TCI [30] are defined according to [9]. Thes
measures are commonly used to evaluate the performanct
closed-loop systems in anesthesia. Median performanoe e
(MDPE) represents the bias, median absolute performar
error (MDAPE) is a measure of the inaccuracy, Wobble
quantifies the intra-patient variability and global sco@S] Fig. 7. Inter-patient variability during induction of arlessia: Thin lines:

DOH [WAVcns]

DOH [WAVcns]
o
o

o

=
o
o

DOH [WAVcns]
a
o

o

1000

Infusion rate [mcg/kg/min]

Time [min]

combines these measures with the time in range: measuredV AV y s during the first 15 minutes of th&l cases in Group
2 shown in Fig. 6. The thick dashed lines highlight one slowl ane fast
W AV, t) — WAV, (t induction, the thick solid lines highlight two cases withesageT;,, 4.
PE(t) — 100 YAV ers () 10 ‘
W AVt (t)
MDPE = media."{PE(t)’t =Tind - Tena} infusion, a second case (thick solid line) shows no significa
MDAPE = median{|PE(t)|,t = Tina - .. Tend} change inlW AV v s up to 2 min 30 s, followed by an abrupt
Wobble = median{|PE(t) — MDPE|,t = Tinq...Tenqt  decrease iV AVoys to below the setpoint. The responses
MDAPE + Wobble highlighted by the thick dashed lines in Fig. 7 show one case
GS where induction of anesthesia was fast (1 min 53 s) and one

~ % of time within 10units Of WAV, (1)’ : ) _
case where induction was slow (5 min 35 s). The overshoot

whereW AV (t) is the W AVen s setpoint at timet. for the subject with a high sensitivity to propofol is limite
The measuredl’ AVe s index during induction and main- The trade-off for this robustness is the longer inductioneti
tenance of anesthesia is shown in Fig. 6. An overshoot aftgf subjects that are less sensitive to propofol.
induction of anesthesia is observed, similar to the ovessho Fig. 8 and Fig. 9 show the propofol dose and predicted
predicted in simulation (see Fig. 5). Note that the setpoiptasma concentratiorC},) at T;,q as a function of age and
was changed during maintenance of anesthesia in seveesl cageight for the complete study population (Group 1 and Group
(see Table I), resulting in a spread of the measWedVons  2). These two demographic variables determine the dynamics
index. of the Paedfusor pediatric PK model for propofol [27]. Fig. 8
shows that on average propofol consumption decreases with
age, which confirms results of PKPD studies. However, the
. . o outliers in the different groups overlap. Similar overlap i
_Fig. 7 shows tr_‘e measuréﬁ’AVCN_s index during mdug- observed with respect to weight. Note that the controllén ga
tion of anesthesia for thel cases in Group 2 evaluatingis weight dependent, corresponding to normal practiceteut
the redesigned controller (Section I1I-C). Induction tifig.s  controller tuning is fixed.
varied from 1 min 17 sto 6 min 7 s.
The measured responses show a variability in sensitivit )
to propofol as well as a variability in the dynamic responsé/' Typical cases
one of the highlighted cases (thick solid line) in Fig. 7 skow Fig. 10 shows théV AV s index and propofol infusion
a gradual decrease i AVong in response to propofol rate during8 cases from Group 2. The behaviour observed

B. Observed inter-patient variability



TABLE Il

SUMMARY OF RESULTS OF CLINICAL EVALUATION OF CLOSEDLOOP CONTROLLED PROPOFOL INFUSION FOR TH&L CASES EVALUATING THE INITIAL
CONTROLLER DESIGN AND FINETUNING IN GROUP1 AND THE 71 CASES EVALUATING THE REDESIGNED CONTROLLER INSROUP2.

Group 1 (31 cases)

Group 2 (71 cases)

mean= std, median (min, max)

meatt std, median (min, max)

Case Duratiormin)]
Tind [mln]

28 £ 16, 20 (11, 62)
45+ 15, 4.2 (1.7, 8.3)

36L 22, 36 (5, 82)
3.2 1.2, 3.6 (1.3 6.1)

Propofol infusion
Propofol dose aff;,, 4 [mg/kg]
Average dose during maintenance of anesthpsiag/kg/min]

2.36+ 0.91, 2.18 (1.05, 5.15)

236 + 81, 213 (87, 379)

2.4F 0.92, 2.19 (0.97, 5.33)
238 99, 208 (90, 579)

Propofol plasma concentration
Cyp @t Tina [mg/1]
Mean C, during maintenance of anesthesiag/!]
Max C, during maintenance of anesthesiag/!|
Min C,, during maintenance of anesthesiag/!]

424+ 15,41 (1.7, 7.7)
3.9+ 1.0, 3.8 (2.4, 6.1)
49+ 13,45 (3.1, 7.8)
2.9+ 0.9, 3.1 (1.4, 4.6)

4.2-1.4,3.9 (2.3, 8.0)
3.9 1.0, 3.8 (2.4, 7.2)
5.4 1.4, 4.8 (2.8, 8.1)
3.4 1.0, 2.9 (1.4, 6.9)

MeasuredW AVon s
Overshoot: minW AVns 3 minutes afterT;,, 4
Min W AV g during case

40 £ 5, 40 (29, 48)
36t 4, 37 (28, 44)

42+ 5, 41 (30, 53)
36+ 5, 36 (18, 48)

Time within 10 units of the setpoint [%] 8@ 20, 85 (23, 100) 87 11, 89 (52, 100)

Performance measures (as defined in [9])

MDPE -8.7+ 7.8, 9.0 (-28.0, 14.3) -6.% 5.3, -4.6 (-19.8, 6.0)
MDAPE 11.5+ 6.3, 10.6 (4.0, 30.4) 8.8 4.2, 8.4 (3.2, 19.8)
Wobble 6.2+ 3.5, 5.6 (2.6, 21.5) 6.6 2.4, 5.2 (3.2, 14.2)

GS  28.8+ 31.6, 20.4 (6.6, 167.3) 184 9.7, 17.0 (6.8, 50.3)
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Fig. 9. Variability of the observed responses with respeotvéight within

the complete study group of 102 subjects. Top left; propafmhsumption
at T;,,4, top right; predicted plasma concentratiafl,, bottom left; average
propofol infusion during maintenance of anesthesia, bottight; average
predictedC), during maintenance of anesthesia.

Fig. 8. Variability of the observed responses with respecgde within the
complete study group of 102 subjects. Top left; propofolstonption atl;,, 4,
top right; predicted plasma concentratidf,, bottom left; average propofol
infusion during maintenance of anesthesia, bottom righ¢rage predicted
C)p during maintenance of anesthesia.

in theses cases is representative for the variety of situationsy anesthesia. The anesthesiologist evaluated the atiesthe
encountered during clinical evaluation. state to be insufficient and decreased the setpoint(to

Fig. 10A and Fig. 10B show examples of longer cases wheTee W AV ys shows a response to stimulation and patient
the GS was amongst the lowest achieved in this study (ifbvement was reported before stabilization.

cases in Group 2 achieved a GS10). During these cases Fjg. 10G and Fig. 10H are examples of cases that showed
the WAV s reflected a stable anesthetic state. During thgynificant response to stimulation. During the case shown i
case shown in Fig. 10A a response to stimulation resultedF'tqb_ 10G, patient movement was reported afe28 minutes.
an increase in th& AV v s upon scope insertion shortly afterrne controller responded to the increasdtdVoys index
induction of anesthesia. The increadédVe s index atthe ang the anesthetic state was stabilized. AfeB5 minutes
end of the case also indicates some response to stimulati%tiem movement was reported again. The anesthesiologist
Fig. 10C and Fig. 10D show the two cases correspondingd@ve a bolus of propofol resulting in an overshoot before the
the two highest GS in Group 2. During the case shown in Figentroller stabilized the anesthetic state. Patient mavenvas
10D, initial scope insertion was attempted three timeseAftreported a third time afters 50 minutes, and the controller
successful scope insertion, the decrease in stimulat&ritegl responded to the increaséd AV n s index. The response in
in a decrease itV AVons. Fig. 10H shows a similar fast and large increas&im Ve y s
Fig. 10E and Fig. 10F show cases that achieved an average patient movement was recorded afteB5 minutes. The
GS. In the case shown in Fig. 10E, tHéAV ¢ is stabilized anesthesiologist gave several boluses, resulting in arslovet
after some response to stimulation, shortly after inductidefore the controller stabilized the anesthetic staten@ttion
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Fig. 10. Examples of the cases from Group 2, whereWihd Vv g index is controlled by the redesigned robust PID controllére recordedV AVen s
and corresponding infusion rate are shown. The global S8 is indicated for each of these eight examples.

resulted in overshoot again after50 minutes. Note that thesefrom clinical evaluation and compares these responses to
two cases are representative of the worst case disturbattee predicted responses. The variability and overshooh®f t
rejection observed in six of th@08 cases in this clinical measured responses are comparable to the predicted ligriabi
evaluation. and overshoot, confirming the validity of the robust conémwl
design method and the relevance of the model set used for
controller design.
o - The results of this clinical evaluation show that robust
A.. Feasibility of robust PID control of propofol anestheste pp control of propofol infusion in children age 6-17y, ugin
children the WAVons index as a measure of the clinical effect, is
Robust controller design requires quantification of the syfeasible and can accommodate the inter-patient varipbiit
tem uncertainty and takes this uncertainty into accounhén tthis patient group. The limited overshoot upon induction of
controller design. The robust PID controller design evilda anesthesia observed in the clinical evaluation and thenabse
in this clinical study was based on a set 28 models of oscillatory behaviour confirm the predicted robustneas-m
(see Section III-C). Fig. 11 shows the measured responggss.

V. DISCUSSION



subject to inter-patient variability. Traditionally, trenesthe-

siologist adjusts opioid administration manually, ac@ogdo

the patients need, the procedure and the expected stiomnlati

Control of remifentanil will be essential in the developrhen

of a closed-loop system for anesthesia that can be used in a

variety of surgical procedures.

In this study, both induction and maintenance of anesthesia
were controlled using a simple PID controller. The response
to propofol infusion at low drug concentrations is known @ b
nonlinear and relying on PID feedback control during induc-
tion of anesthesia leads to integrator build-up and oversho
In this study, the observed response was clinically acbépta
If required, a nonlinear control strategy or the use of feed-
forward control could improve the response upon induction
Fig. 11. Comparison of the predicted responses of the 28 madscribed of anesthesia. Any feed-forward or nonlinear control etyst
in Section III-C controlled by the redesigned controlleragtied) and the éNi” have to be robust to inter-patient variability.
measured responses of tfié¢ cases under the same controller in Group . .

(solid lines). The use of personalized (or adaptive) control to accommo-
date the inter-patient variability and to optimize congelfor-
mance for individuals has been proposed [16], [8]. The tesul

B. Performance and limitations from this study are inconclusive on the need for persondlize

coPtrol; additional clinical evaluation of fixed controtategies

afd multivariable control of both propofol and remifentani

. . ) - . . ossibly using nonlinear or feed-forward control, may show

induction of anesthesia and oscillations in the anestistdite. gufﬁciezt perfgormance for this study population alsoydgmn

Forfcllnlcal pract|c_e, the ;:c?n_trglle:_also fneedsﬂt}o aChmd mtore stimulating procedures. Given the observed vartgbili
periormance requirements. induction ot anesthesia NEeas, \ ., yhe drug sensitivity and the dynamics in the response

be fast enough not to slow dpwn th_e procedure, the aneSt_h?gcpropofol infusion (see Fig. 7), the development of a ro-
state needs to be stable during maintenance of anesthesia t adaptive control strategy will be technically chatfiery

fast.d|sttl_erar:_ce rlejtgct|on (ljstreqwr.(cajd tod"rg't the resjeotes Personalization of the controller design based on dembgrap
nociceptive stimulation and 10 avold underdosing. variables is expected to provide limited improvement of-con

The summary of the results in Table Il for Group 2 |nd|catel§OI performance, due to the overlap observed in responses

the performance achieved with a simple, fixed, PID Controllgvith respect to demographic variables (see Fig. 8 and 9).
for children age 6-17y, a study population that exhibitsiig

icant inter-patient variability. The average speed of otohn
was acceptable for clinical practice; 4 minutes. For some VI. CONCLUSIONS

individuals, the anesthesiologist decided to give a manualthig study shows that robust closed-loop control of both
bolus of propofol to speed up induction of anesthesi@(t jnduction and maintenance of anesthesia in children using a
of 71 cases in Group 2). robust PID controller and thi’ AV, v s index as a measure of
During maintenance of anesthesia, the DOH was stabilizgghical effect is feasible and that spontaneous breattamgbe
at various setpoints, including0 corresponding to a light maintained. A robustly tuned PID controller can accommedat
anesthetic state, and controlled within 10 units of the sgke inter-patient variability observed in children age®:IThe
point for (median) 89% of the time. Disturbance rejectiogjinical evaluation shows that the designed robustnesginsr
was sufficient for the endoscopic investigations consillergre sufficient and the observed responses are similar to the
in this study. Remifentanil infusion rates were relatividy, predicted responses. No oscillatory behaviour was obderve
constant, and the same for all patients. Nociceptive sttionl  despite the large inter-patient variability.
is generally limited during endoscopic investigationg,when  The trade-off for robustness and safe control for the popu-
the procedure causes stimulation, a response can be edXpegi€on is a limited speed of induction for patients that assl|
given the limited use of opioids and the light anesthetitestasensitive to propofol. In this study, the maximum induction
The worst case responses to stimulation observed in thly styime was approximately 6 minutes. The results are an indica-

(see Fig. 10) indicate that the disturbance rejection aril ajon of the performance that can be achieved with a simple
nociception need to be improved for use in more stimulatifigked controller.

DOH [WAVcns]

Infusion rate [mcg/kg/min]

Time [min]

Robustness margins are essential in closed-loop control
propofol anesthesia, to avoid overdosing, large overshpoi

procedures. The controller provides adequate anesthesia for the en-
doscopic investigations considered in this study. Contrfol
propofol infusion and limited use of opioids cannot prevent
sponse to stimulation and some reaction can be expected. The
Nociceptive stimulation during surgical procedures isi-varaddition of control of fast acting opioids (e.g. remiferitan
able, partly unpredictable and depends strongly on the ¢§pewill be essential for the development of a fully automated
procedure. Individual responses to remifentanil infusease system for anesthesia for more stimulating procedures.

C. Outlook
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