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Abstract

Background: Currently, there are no direct indicators available to assess the balance between
nociception and anti-nociception during general anesthesia. This study aimed to develop a
composite indicator by integrating multiple physiological parameters.

Methods: A total of 55 female patients scheduled for surgery under general anesthesia were
included in this study. Anesthesia was maintained using target-controlled infusions of propofol
and remifentanil. Propofol dosing was adjusted to maintain state entropy (SE) at 50, while
remifentanil target concentrations were set at 1, 3, or 5 ng/ml. To assess the nociceptive—anti-
nociceptive balance, a composite clinical score—termed the Clinical Signs—Stimulus—
Antinociception (CSSA) score—was developed. This score integrated patients’ physical
responses, clinical indicators of nociception, remifentanil concentrations, and the estimated
intensity of the noxious stimulus (skin incision). Physiological signals including
electrocardiogram (ECG), photoplethysmography (PPG), response entropy (RE), and SE were
continuously recorded from 60 seconds before to 120 seconds after skin incision. Changes in
heart rate variability (HRV), PPG, and pulse transit time (PTT)-related parameters were
analyzed offline to identify the most reliable predictors of the CSSA score. The most effective
predictors were used to construct a Response Index of Nociception (RN), scaled from 0 to 100,
reflecting the degree of nociceptive response. This RN index was subsequently validated in an
independent cohort of 10 additional patients.

Results: Heart rate variability (HRV), response entropy (RE), the RE-SE difference, and
photoplethysmographic (PPG) variability were identified as the most reliable predictors of the
CSSA score. The Response Index of Nociception (RN) demonstrated a prediction probability
of 0.78 in estimating CSSA. Higher RN values were observed in patients who received lower
concentrations of remifentanil, exhibited movement in response to the incision, or underwent
larger skin incisions.

Conclusions: The empirically derived algorithm for the Response Index of Nociception (RN)
appears to provide a reliable estimation of the nociceptive—anti-nociceptive balance during skin
incision under general anesthesia. In future research, the CSSA score may serve as a valuable
reference standard for evaluating pharmacodynamic monitoring methods related to nociceptive
control during anesthesia.

Keywords: Nociception, General anesthesia, Remifentanil, Propofol, Response Index of
Nociception (RN), Clinical Signs—Stimulus—Antinociception (CSSA), Heart rate variability
(HRV), Photoplethysmography (PPG), Entropy monitoring, Nociceptive—antinociceptive
balance.
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INTRODUCTION

Pain is a descriptor of a conscious,
emotional, private experience, generated by
a wide variety of events. Tissue damage-
associated acute pain consists of both
physiological and psychological characters.
During general anesthesia, the conscious
experience of pain disappears. Hence, in an
anaesthetized patient it is not appropriate to
call ‘pain’ the physiological reaction to
tissue aggression by surgery.

Instead, surgical stimulus with its
immediate consequences on system
function—without the higher order
processing  that is  defined as
consciousness—is recognized with the use
of the word ‘nociception’. [1] This term
covers all activity caused by tissue damage
from the peripheral sensory afferent to the
brainstem level, where nociception may be
manifested as cardiovascular or hormonal
responses. [1,2] In the present text, the term
nociception will stand for the physiological
reactions of the nervous system to surgical
stimulation ~ during  unconsciousness
induced by general anaesthesia and the term
nociceptive—anti-nociceptive balance
denotes the situation during which
simultaneous  opposite  effects  of
nociceptive  stimulation and  anti-
nociceptive (analgesic) medication on the
physiology of an anaesthetized patient
occur.

During surgery, the intensity of the
autonomic or motor response to a
nociceptive stimulus is dependent on the
nociceptive—anti-nociceptive balance.
Nociception can be attenuated with
sufficient amount of anti-nociceptive
medications. Hypnotic and anti-nociceptive
components of balanced anaesthesia are
partly interconnected: high concentrations
of hypnotics lessen the effects of
nociceptive stimulation, [3] and a strong
anti-nociceptive component of anesthesia
decreases the need for hypnotics. Direct,
clinically relevant specific indicators of the
nociceptive—anti-nociceptive balance
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during general anaesthesia do not exist.
Therefore, estimation of this balance is
commonly based on isolated, unspecific
autonomic reactions, such as the presence
or absence of hypertension, tachycardia, or
sweating and tearing. Another merely
experimental approach, which estimates
only the antinociceptive side of the balance,
is to determine directly or to model plasma
concentrations of opioids. [4] Finally, an
unambiguous clinical end-point, like
movement in response to surgery, is usually
considered as the ultimate indicator of
inadequate analgesia. Unfortunately, these
measures of nociception are subjected to
inter-individual variability, are rather non-
specific, that is, are influenced by
confounding factors such as vasoactive
drugs, may lack sensitivity to actual
nociception and are generally without real
predictive value. Hence, a multiparameter
approach might improve the estimation of
nociceptive—  anti-nociceptive  balance
during general anesthesia. [5]

In clinical research, several quantitative
scores have been developed to classify a
subject’s state during general anesthesia.
Observer’s Assessment of
Alertness/sedation Scale (OAA/S) [6] is
commonly used to describe the effect of
hypnotics and test the performance of
‘awareness’ monitors. [7-9]

The relationship between stages of ether
anesthesia and clinical signs and reflexes
were first described by Guedel in 1937.[10]
However, standard clinical scores to
evaluate the nociceptive—anti-nociceptive
balance in an unconscious subject and
suitable for modern anesthetic practice do
not exist. It complicates the evaluation of a
potential analgesia monitor. To evaluate
any objective index based on physiological
parameters that aims at measuring presence
and/or severity of nociception, a clinical
reference is required. A usable measure of
the nociceptive— anti-nociceptive balance,
either clinical or paraclinical, should
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unambiguously discriminate patients with
clinical signs of nociception from those
without them. It should also reflect changes
in the level of noxious stimulation: without
a noxious stimulus, no signs of nociception
should be present, and the intensity of the
stimuli should have a graded effect on the
measure.

Finally, a measure of the nociceptive—anti-
nociceptive balance should react to changes
in the level of an analgesic drug in the
presence of a standard stimulus (i.e. the
higher the dose of an analgesic drug, the
lower the probability that a given noxious
stimulus causes actual nociception).

In an attempt to develop such clinical and
paraclinical tools, we recorded
physiological responses to skin incision
during propofol-remifentanil anesthesia.

We combined clinical signs, remifentanil
levels and an approximation of the noxious
intensity of skin incision into a Clinical
Signs—Stimulus—Antinociception (CSSA)
score aiming at estimating the balance
between nociceptive stimulation and the
anti-nociceptive effect of anesthesia at a
given moment (at skin incision in this
particular study).

We therefore used the relationship between
CSSA and several physiological parameters
to combine them into an indicator of
nociception (response index of nociception,
RN) that can be implemented in an on-line
anesthesia monitor to provide continuous
monitoring of the nociceptive—anti-
nociceptive balance.

Patients and methods

We enrolled 60 female patients scheduled
to undergo gynecological or breast surgery
under general anesthesia. Inclusion criteria
were: age between 18 and 70 years,
American Society of Anesthesiologists
(ASA) physical status I or II, and a body
mass index (BMI) of less than 30 kg/m?.

Exclusion criteria included: known
neurological disorders, history of head
trauma, use of medications significantly
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affecting cardiac or central nervous system
function, major cardiac conditions,
uncontrolled hypertension, and a history of
substance abuse.

All patients were premedicated with
diazepam 5-10 mg orally 60 min before
surgery. In the operating room an i.v.
catheter was inserted into a vein of the
forearm and standard monitoring [ECG,
photoplethysmography (PPG), noninvasive
blood pressure] was started.

After degreasing of the forehead skin using
isopropanol 70%, the EEG electrode strip
(Entropy Sensor, GE Healthcare, Helsinki,
Finland) for EEG Spectral Entropy (later
Entropy) measurement was positioned as
recommended by the manufacturer.
Entropy is designed to monitor the brain
state by revealing anesthetic-related
alterations in EEG and electromyogram
(EMG) during general anesthesia and
surgery. [11] Briefly: in EEG entropy
monitoring high irregularity of the EEG
signal is associated with a high amount of
entropy. This is typically the case in an
awake subject. With deepening anesthesia,
the EEG becomes more regular, and its
entropy content decreases.

A bio signal measured from the forehead of
a patient includes a significant EMG
component, which is created by muscle
activity. Increased EMG activity 1is
associated with inadequate anaesthetic
state. [12]

When collected from the forehead with
surface electrodes, the spectral range of the
biosignal up to 32 Hz is usually dominated
by EEG, while spectral content above 32
Hz is mostly caused by EMG activity. [11]
To maximize the collected information,
Entropy monitoring separates the EEG-
dominated frequency range of 0.8-32.0 Hz,
called state entropy (SE), from the
information collected at 0.8-47.0 Hz,
consisting of both EEG and EMG, named
response entropy (RE). Entropy parameters
range from O (EEG suppression) to 100
(awake) for RE, and from 0 to 91 for SE,
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where the difference between RE and SE
corresponds to the EMG activity, thus
giving an idea of the adequacy of
anesthesia. In surgical anesthesia, the
recommended SE range is 40— 60. [13] The
Entropy measurement was started before
the induction of anesthesia and continued
until the end of surgery.

Patients were anaesthetized using propofol
and remifentanil. These drugs were
administered as target controlled infusions
(TCI, Orchestra Primea, and Fresenius,
France). Both infusions were started
simultaneously.  For  propofol, the
pharmacokinetic model of Schnider and
colleagues [14] was used, while the model
of Minto and colleagues [15] was utilized
for adjustment of remifentanil infusion.
Propofol TCI infusion was adjusted to
maintain SE between 35 and 60, the target
being at 50 (adequate surgical level of
hypnosis). [13] Propofol infusion was
adjusted during surgery as necessary.
Patients were randomly allocated according
to computer-generated random numbers
(Excel 2000, Microsoft Corp., and
Redmond, WA, USA) to receive
remifentanil at three different TCI levels: 1,
3 or 5 ng ml 1. These levels were achieved
before tracheal intubation and maintained
thereafter. Patients were immobilized using
a non-depolarizing neuromuscular blocking
drug; rocuronium 40 mg. Additional doses
of rocuronium were later given according to
clinical needs. Neuromuscular blockade
was monitored every 60 s with ulnar nerve
train of four (TOF) stimulation and
neuromuscular transmission monitoring
(S/5 Anesthesia Monitor, GE Healthcare).
After securing the airway by tracheal
intubation, controlled normoventilation
with an air—oxygen mixture (FIO2 0.35%)
was started (S/5 Aespire ventilator, Datex-
Ohmeda, Inc., Madison, USA).

The exact time of skin incision was
recorded on file. A trained research nurse
(M.K.), who was instructed to carefully
note any clinical sign (coughing, chewing
or biting, other mouth movements, muscle
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tension,  grimacing, movements of
extremities, tearing) possibly related to
inadequate analgesia, monitored the patient
throughout surgery, until the patient
regained consciousness after the end of the
procedure. The surgical team was also
asked to notify for any extraordinary
tension or movements. During anesthesia,
the research nurse annotated any significant
events on the file. She also interviewed the
patients in the post anesthesia care unit,
regarding their possible anesthesia-
associated memories.

Data Acquisition and Processing

Continuous  physiological  signals—
including electrocardiogram (ECG), raw
photoplethysmographic (PPG) waveform,
response entropy (RE), and state entropy
(SE)}—were recorded wusing the S/5
Anesthesia Monitor (GE Healthcare) with
Central and  Wincollect  software.
Intermittently monitored parameters, such
as non-invasive blood pressure, were
excluded from analysis, as the primary
objective was to develop a continuous
index  reflecting the  nociceptive—
antinociceptive balance.

ECG, PPG, and entropy signals were
analyzed offline for each patient using
MATLAB software (version 6.5, Release
13; The MathWorks Inc., MA, USA).
Signal segments from 60 seconds before
and 120 seconds after the initial skin
incision  were examined.  Multiple
physiological parameters were extracted,
and characteristic changes related to the
incision event were identified.

These parameters were evaluated both as
absolute values and as normalized (relative)
values. Relative values were typically
calculated by dividing post-incision values
by pre-incision values. For variables with
values potentially approaching zero, the
relative change was determined by
subtracting the pre-incision value from the
post-incision value to avoid distortion.

ECG and HRV
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The R-waves of the ECG signal were
automatically detected and visually verified
and corrected afterwards when necessary.
A beat-to-beat R-to-R interval (RRI) signal
was constructed as a series of time
differences between the successive heart
beats. Heart rate variability (HRV) was
quantified both in time and frequency
domain, and also by Poincare” analysis,
similarly to a method reported earlier.5 RRI
SD (standard deviation) was computed to
describe the overall HRV. Poincare” RRI
SD1 quantifies the fast beat-to beat HRV,
which is mainly related to respiratory sinus
arrhythmia and vagal (parasympathetic)
modulation of HRV. Poincare” RRI SD2
quantifies  the  slower  short-term
components of HRV, which are modulated
both by sympathetic and parasympathetic
nervous systems. Their ratio (RRI
SD1/SD2) describes the ratio between fast
and slow short-term HRV.
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Photoplethysmography (PPG)

The amplitude of the raw PPG signal and
the position of the dicrotic notch were
automatically detected and subsequently
verified through visual inspection, with
manual  corrections  applied  when
necessary. Heartbeats affected by PPG
artifacts were excluded from further
analysis. For each valid heartbeat, PPG
amplitude and the vertical position of the
dicrotic notch were measured to generate
corresponding beat-to-beat time series.
PPG amplitude variability was assessed
using Poincare analysis, from which SDI,
SD2, and the SDI1/SD2 ratio were
calculated—analogous to the analysis
performed on the R-R interval (RRI) signal.
Pulse transit time (PTT) was calculated as
the interval between the R-wave of the ECG
and the point of maximum slope (first
derivative peak) in the corresponding PPG
waveform.

Table 1: CSSA score to approximate clinical probability of nociception. Range: 0-12

CSSA  Score | Score Score Description Example
Component Range | Values
Clinical Signs 0-4 0 No signs of nociception -
2 Possible nociceptive signs Coughing, chewing, mouth
movements, muscle tension
4 Clear signs of nociception Limb  movements, grimacing,
tearing
Stimulus 0-4 0 No noxious stimulus -
Intensity
0.5 Minor noxious stimulus Very small incision
1 Moderate noxious stimulus Laparoscopy, vaginal surgery, small
breast incision
2 Large noxious stimulus Large breast surgery incision
3 Severe noxious stimulus Laparotomy
4 Extreme noxious stimulus Incision in inflamed or highly
sensitive area
Analgesic Drug | 4to0 | 0 No analgesic drug | -
Dose administered
-1 Low dose Remifentanil Ce 0.5-1.5 ng/mL
-2 Moderate dose Remifentanil Ce 1.5-3.5 ng/mL
-3 High dose Remifentanil Ce 3.5-6 ng/mL
-4 Maximum dose Remifentanil Ce >6 ng/mL
+4 Scaling constant -

CSSA Score: Details of the CSSA scoring
system are outlined in Table 1. The
intensity of nociceptive responses was
retrospectively assessed by two

Mehata

anesthesiologists (M.R. and A.Y.-H.),
based on detailed clinical observations
recorded by a trained research nurse. The
nurse documented any physical signs
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potentially insufficient

analgesia.

indicating

During the evaluation, the anesthesiologists
were blinded to other clinical parameters,
such as hemodynamic data, to avoid bias.
The noxious stimulus was categorized
according to the extent of the surgical
incision—small incisions (e.g.,
laparoscopy, vaginal procedures, minor
breast surgery) and large incisions (e.g.,
laparotomy, major breast surgery).

The level of anti-nociceptive intervention
was estimated wusing the effect-site
concentration of remifentanil (1, 3, or 5
ng/mL). A fixed scaling constant was added
to ensure the final CSSA score ranged from
0 to 12. The total score for each patient was
calculated by summing the individual
components: clinical signs, stimulus
intensity, analgesic drug level, and the
constant.

Statistical Analysis and Development of
the Response Index of Nociception (RN)

An exploratory analysis was conducted to
identify which physiological parameters
best predicted the clinical estimate of
nociceptive probability at the time of skin
incision, as represented by the CSSA score.

To assess parameter changes, pre- and post-
incision values were compared using the
Wilcoxon signed-rank test. Bonferroni
correction was not applied. Patients were
further categorized based on remifentanil
target-controlled infusion (TCI) levels (1, 3,
or 5 ng/mL), their physical response to the
incision (movers vs. non-movers), and the
extent of surgical incision (small:
laparoscopy, vaginal surgery, or minor
breast surgery; large: laparotomy or major
breast surgery). The Kruskal-Wallis H test
was used to compare groups defined by
remifentanil levels, while the Mann—
Whitney U test was employed for
comparisons between movers and non-
movers, as well as between small and large
incision groups.
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Data are reported as means with standard
deviations (SD), unless stated otherwise.

To construct the RN index, an algorithm
was developed to estimate the three main
components of the CSSA score: analgesic
drug level, stimulus intensity, and
observable clinical signs. Each component
was modeled using combinations of
physiological parameters. The outputs from
these models were then integrated using
linear regression to produce a single
composite index.

For implementation in real-time monitoring
systems, the resulting index was scaled
from 0 to 100. In this scaled version, an RN
value of 0 corresponds to a CSSA score of
0, while an RN of 100 reflects a CSSA score
of 10 or higher. Full details of the algorithm
are provided in the Appendix.

The performance of the RN was assessed by
the root mean square error (RMSE) and
Pearson’s correlation coefficient for the
module estimating remifentanil level, and
prediction probability (pk) for the
components reflecting clinical observations
and stimulus intensity.16 Estimations of pk
and significance of differences between pk
values were obtained using the Excel
macro’s PKMACRO and PKDMACRO as
made available by Smith and colleagues.
[16]

The statistical significance of the obtained
prediction probability (Pk) was evaluated
by calculating its corresponding Z-score.
The associated P-value represents the
likelihood of incorrectly concluding that the
Pk value differs from 0.5—the threshold
expected from random chance alone. To
further assess predictive accuracy, the RN
index was incorporated into a binary
logistic regression model.

The classification performance of this
model was then evaluated by calculating
the area under the receiver operating
characteristic (ROC) curve.
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Table 2: Distribution of patients according to surgical procedures and remifentanil
levels, reactivity, clinical scoring and neuromuscular block related data. The data are
numbers (n), rank distribution (/ /), mean (SD) or range. No significant differences of

means (P>0.05). N/A, not available

Variable Total | Large Small Remifentanil Movers | Non- Clinical
(n) Incision | Incision | (ng/mL) Movers Signs
0/2/4)
Laparoscopy 34 0 34 1:12 5 29 29/2/3
3:8
5:14
Laparotomy 12 12 0 1:3 0 12 12/0/0
3:4
5:5
Breast Surgery 5 4 1 1:2 0 5 5/0/0
3:1
5:2
Veginal Surgery 4 0 4 1:1 0 4 4/0/0
3:2
5:1
Large Incision | 17/55 | - - 1:4
(proportion)
3:6
5:7 - - -
Remifentanil 18/15 | 4/6/7 14/9/15 - 5/0/0 13/15/22 | -
Dosing /22
Distribution
Movers 5 0 5 1:5 - - 0/2/3
Clinical Signs (all | - 16/0/0 34/2/3 1:13/2/3 3/0/0 50/0/0 -
patients)
Time from | 16.6 16.4 (5.5) | 16.7 1:12.1 (7.0) 14.9 17.8 -
Rocuronium to | (12.1) (14.2) 3:15.5(9.5) (8.5) (12.5)
Incision (min) 5:21.0 (15.25)
TOF Ratio at| - 11.2 13.1 1: 11.9 (15.0) | - 11.8 -
Incision (%): Mean (13.6) (13.7) 3: 119 (13.3) (12.3)
(SD) [Range] [1.2- [10.3- 5:13.5(13.1)
41.7] 61.1]
To assess the performance of the RN Results

index

In a separate population, an additional
group of 10 female patients (ASA physical
status I-II, aged 18-70 years, BMI <30
kg/m?)  undergoing similar  surgical
procedures under general anesthesia with
propofol and remifentanil was included.
Remifentanil effect-site concentrations
were recorded for each patient but were not
standardized across the group. Importantly,
these patients were not part of the RN
model development. Observational data
and clinical annotations were collected
using the same protocol as in the initial
cohort.

Mehata

Out of the 60 enrolled patients, five were
excluded due to technical issues (n=3) or
the presence of left bundle branch block on
ECG (n=2). The final analysis included 55
patients, with a mean age of 46 years
(range: 23—66) and a mean BMI of 25.5 +
5.6 kg/m?. No significant differences in
rocuronium consumption or train-of-four
(TOF) monitoring values were observed
across remifentanil dose groups, incision
sizes, or between patients who exhibited
movement and those who did not. A
summary of patient distribution and TOF
values is provided in Table 2.
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Importantly, no instances of intraoperative
awareness or anesthesia-related recall were
reported during postoperative interviews.
Notably, five patients exhibited movement
in response to the skin incision—all
belonged to the small incision group and
had received a remifentanil effect-site
concentration of 1 ng/mL (see Table 2).

20

15+

10+
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To minimize bias, comparisons of
physiological parameters between different
incision sizes and remifentanil dosing
levels were conducted using data only from
patients who showed no clinical signs of
nociceptive response at the time of incision.

1 2 3 4

CSSA

0 L L L L L L L ) " ) ) L
5 6 7 8 9 10 11 12

Figure 1: Distribution of CSSA values for patients in the development of RN group
(n=55).

CSSA Score and Physiological Variables

The calculated CSSA scores ranged from 2
to 8 (Figure 1). A number of physiological
parameters showed significant changes
between the periods before and after skin
incision (Table 3). Specifically, the R—R
interval (RRI) shortened, indicating an
increase in heart rate, while both short-term

Comparison of Physiological Responses
across Conditions

Across varying remifentanil
concentrations, movement responses, and
incision  sizes, most physiological

parameters showed only minor differences.

A higher remifentanil dose was associated
with a blunted heart rate response to
incision, an enhanced response in the rapid
component of heart rate variability (RRI
SD1), a smaller increase in response

Mehata

(RRI SDI1) and long-term heart rate
variability (RRI SD and SD2) increased.
Photoplethysmographic (PPG) amplitude
declined, whereas PPG slow variability
(PPG SD2) and response entropy (RE) rose
following the incision.

Additionally, pulse transit time (PTT) was
reduced after incision.

entropy (RE), and a greater reduction in
pulse transit time (PTT) compared to lower
remifentanil concentrations (1 ng/mL vs. 3
or 5 ng/mL; P < 0.05 for each parameter).
The RE-SE (response—state entropy)
difference was notably higher in patients
who moved in response to incision but
remained unchanged in non-movers. No
significant changes were observed in other
raw physiological metrics in relation to
remifentanil dose, incision size, or presence
of clinical signs.
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Figure 2: RN plotted as a function of CSSA score. Circles represent the average post-
incision RN values after start of skin incision in the 55 patients, whose parameters were
used in the development of RN. Values of an additional 10 patients, not used in
development of RN, are marked with crosses.

RN Index Performance and Analysis

The response index (RN) demonstrated a
strong correlation with remifentanil
concentrations, showing a correlation
coefficient of 0.75 (P<0.001; 95% CI:
0.61-0.85) and a root mean square error
(RMSE) of 1.1 ng/ml. For the prediction of
clinical signs of nociception, RN yielded a
prediction probability (pk) of 0.87 (SE =
0.06, P<0.001), and a pk of 0.68 (SE =0.08,
P = 0.02) for stimulus intensity. When
estimating the overall CSSA score in the
original cohort of 55 patients, RN achieved
a pk of 0.78 (SE = 0.05, P<0.001). In the
validation group of 10 additional patients,
RN showed a slightly lower pk of 0.73 (SE
=0.17, P=0.10). The observed difference
in pk between the two groups (0.04 + 0.18)
was not statistically significant (P = 0.82).
Figure 2 illustrates RN values in relation to
the CSSA scores.

Discussion

In this study, we developed a modular,
multivariate algorithm designed to estimate
the level of nociception at the moment of
skin incision.

The modular structure of the algorithm
offers several advantages over single-step
models—it is more intuitive, easier to
maintain, and allows for targeted
adjustments within individual components.

Mehata

The model effectively distinguishes
between high and low-intensity surgical
stimuli, differentiates patients based on
their motor responses (movers vs non-

movers), and appropriately reflects
variations in remifentanil effect-site
concentrations.

The algorithm appears to capture the
essential aspects of the nociceptive—anti-
nociceptive  balance, specifically the
strength of the noxious input and the
corresponding analgesic effect. In support
of this, we introduced a novel clinical
tool—the Clinical Score for Surgical
Analgesia (CSSA)—to assess nociceptive
severity during anesthesia. This score
assumes that three components (clinical
signs, stimulus intensity, and analgesic drug
concentration) independently and equally
contribute to the likelihood of nociception.
The CSSA served as the primary reference
for developing and validating the RN index.

The CSSA was constructed using heuristic
principles informed by clinical experience
and reasoning, rather than claiming to
provide a definitive measure of the actual
nociceptive—anti-nociceptive  state.  As
recognized in the field, accurately and
objectively quantifying this balance during
general anesthesia remains an inherently
complex task. However, the CSSA offers a
practical framework that can be utilized in
the evaluation and development of
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objective nociception monitoring tools
based on physiological data.

Our findings support the utility of RN as a
reliable index aligned with CSSA. The RN
algorithm  successfully  distinguished
between similar stimuli administered under
different remifentanil levels, varying
stimulus intensities, and the presence or
absence of overt clinical signs. It
outperformed individual physiological
parameters, none of which could
independently predict all key components
(analgesic level, stimulus intensity, and
observable clinical signs). This highlights
the added value of an integrated index like
RN in representing the nociceptive—anti-
nociceptive interaction.

Moreover, RN exhibited consistent
behavior in both the original dataset used
for its development and a separate
validation cohort. This suggests that the RN
algorithm may have generalizable
applicability beyond the specific context of
this study, making it a promising tool for
future clinical use in objective nociception
monitoring.

In our study, observable clinical signs of
nociception appeared exclusively in
patients undergoing small incisions (such as
laparoscopy) while receiving low-dose
remifentanil (1 ng/ml). This resulted in an
unbalanced distribution within the dataset.
To minimize the impact of this imbalance,
we excluded patients who exhibited
movement (movers) from statistical
analyses designed to evaluate the effects of
incision size and remifentanil concentration
on haemodynamic parameters and the RN
index. This approach was also considered
during the optimization of the RN
component that estimates stimulus
intensity. We are therefore confident that
this imbalance was appropriately addressed
in our analysis.

The prediction probability (pk) of RN for
estimating the CSSA score was 0.78. While
this value may seem modest compared to
the typical pk values exceeding 0.90
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reported for awareness monitors like BIS or
Entropy (when predicting OAA/S), several
factors account for this. Firstly, RN relies
heavily on detecting autonomic nervous
system responses, which are not exclusive
to nociception or surgical stress. Although
RN was tailored to specifically reflect
nociceptive-induced  stress, achieving
complete specificity is uncommon, which
may have reduced the pk.

Secondly, and perhaps more significantly,
the reference measure used—CSSA—is
inherently less precise than conventional
clinical scales such as OAA/S. For
example, we assumed that larger incisions
result in greater nociceptive input due to a
higher number of activated nociceptors.
Yet, paradoxically, all observed patient
movements occurred in response to small
incisions  (laparoscopy), with  low
remifentanil concentrations. While this
could be coincidental, it does raise
questions about the assumption that
incision size directly correlates with
nociceptive intensity. Other factors, such as
incision location, tissue sensitivity, and
underlying inflammation, likely influence
the perceived intensity of surgical stimuli.
These factors are difficult to measure or
control in a clinical setting.

As a result, future revisions of the CSSA
score may need to re-evaluate how stimulus
intensity is weighted or defined. Our
findings  suggest that  remifentanil
concentration has a greater influence on the
nociceptive—anti-nociceptive balance than
incision size alone. Moreover, the CSSA
score may not be a strictly monotonic
scale—while high or low scores clearly
indicate strong or weak nociceptive
responses, adjacent scores (e.g., 5 vs. 6)
may not consistently reflect meaningful
differences in individual patients. This
limitation inherently  constrains  the
achievable pk when using CSSA as a
reference.

Nevertheless, the RN’s pk value of 0.78 is
considered acceptable in this context. Its
statistical ~ significance (P < 0.001)
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underscores its practical utility, as it
represents a meaningful improvement over
chance-level prediction (pk = 0.5),
reinforcing RN’s potential value as a
clinical tool for nociception monitoring.

Following the advancement of EEG-based
indices for assessing the hypnotic depth of
anaesthesia, the remaining key challenge
lies in accurately quantifying the
nociceptive—antinociceptive balance.
Intraoperative nociception can lead to
detrimental physiological effects, including
exaggerated stress responses,
hemodynamic instability, increased muscle
tone, and patient movement. Conversely,
excessive opioid administration has been
linked to a higher incidence of
postoperative nausea and vomiting—an
adverse effect  that  significantly
compromises patient recovery and comfort.
Thus, both under-treatment and overuse of
opioids during surgery should be avoided.
A reliable method to monitor nociceptive
activity during anesthesia and adjust
analgesic dosing in real time would provide
substantial clinical benefits, enhancing
patient safety and the overall quality of
anesthetic management.

The data directly linking improved
intraoperative antinociception to better
postoperative outcome are sparse and
confused. [18,19]

Due to the lack of objective methods for
quantifying the severity of nociception,
intraoperative assessment has traditionally
relied on the type and dosage of analgesics
administered or on observable clinical
signs. The approach presented in this study
introduces a patient-specific tool for
quantifying nociceptive responses, moving
beyond reliance on generalized group-level
data and allowing for more individualized
and precise monitoring during anaesthesia.

In this study, anesthesia was maintained
using a propofol-remifentanil combination.
Since propofol primarily affects the
hypnotic component of anesthesia, its depth
was monitored via Entropy, and maintained
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consistently around a value of 50 by
adjusting the target-controlled infusion
(TCI) of propofol. The potential influence
of varying levels of hypnosis—such as
"light" versus "deep" anesthesia—on the
RN (Response to Nociception) index
remains to be investigated in future
prospective studies.

The physiological data used to develop the
RN algorithm were obtained from a
relatively healthy population and further
validated in a limited group of similar
patients. Its performance with different
drug combinations has not yet been
explored and warrants further investigation.
Since RN is calculated based on variables
like heart rate, heart rate variability (HRV),
and photoplethysmography (PPQG),
conditions  that  impair  autonomic
function—such as diabetes, neuropathies,
cardiac  arrhythmias, or use of
pacemakers—could ~ compromise  its
accuracy. Similarly, medications that
influence cardiovascular dynamics,
including B-blockers, vasoactive agents,
and anticholinergics, may affect RN output.
Additionally, physiological disturbances
like hypovolemia or hypothermia can alter
PPG readings, thereby impacting RN.

The Entropy index’s RE-SE gradient,
which reflects the adequacy of anesthesia,
can also be influenced by the depth of
neuromuscular blockade—particularly in
the absence of sufficient analgesia.
Although neuromuscular block levels were
comparable across all study groups in this
investigation, this remains a theoretical
factor that should be acknowledged. Lastly,
as this study specifically focused on a
distinct noxious event (skin incision),
further research is necessary to evaluate the
applicability and reliability of the RN index
during the broader intraoperative period.

In summary, we developed a modular
algorithm that is robust, adaptable, and easy
to maintain, aimed at estimating
nociceptive responses during skin incision.
The algorithm successfully distinguished
between patients who exhibited movement

Mehata International Journal of Current Pharmaceutical Review and Research

583



International Journal of Current Pharmaceutical Review and Research

and those who did not, showed heightened
sensitivity to larger incisions compared to
smaller ones, and differentiated patient
groups based on varying remifentanil
concentrations administered under propofol
anesthesia. Additionally, we introduced a
novel clinical scoring system for evaluating
the severity of nociception in anaesthetized,
paralyzed patients, using a composite of
physiological parameters. This approach
holds promise for enhancing intraoperative
nociception monitoring, though further

studies are necessary to validate its
performance throughout the surgical
period.
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