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Abstract

We investigated the use of photoplethysmography (PPG) features to assess the severity of both intraoperative and postopera-
tive pain. PPG data was collected from 386 patients undergoing routine surgery. We extracted 180 pain assessment features
based on PPG waveform characteristics identified in previous studies. Pain assessment involves a two-step process. First,
we evaluated the presence of pain using the extracted features. If significant pain was detected, we then conducted a severity
analysis. Pain severity was categorized into three groups: no pain, moderate, and severe. Intraoperative and postoperative
pain labeling were based on clinical judgment and numerical rating scale criteria, respectively. For intraoperative pain
presence, we performed statistical tests to identify significant changes in features before and after both intubation and skin
incision. Postoperative pain presence analysis compared preoperative and postoperative periods. Statistical analysis revealed
106 and 124 features significant for intraoperative and postoperative pain presence, respectively. Among the pain-related
features, 27 related to PPG amplitude, area, and slope were significant for all severity comparisons (no pain vs. moderate,
no pain vs. severe, and moderate vs. severe) during intraoperative assessment. Postoperative severity assessment identified
12 significant features related to PPG amplitude, area, and pulse interval. These results suggest the potential of PPG-based
features for assessing pain severity.
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1 Introduction

Pain, an unpleasant sensory and emotional experience linked
to actual or potential tissue damage, is a common conse-
Gayeon Ryu and Jae Moon Choi have contributed equally to this quence of surgery [1]. Surgical procedures often involve
work. incisions, leading to tissue damage and prompting moderate
to severe postoperative pain in many patients [2]. However,
pain perception varies greatly due to its subjective nature.

Hangsik Shin and Byung-Moon Choi have contributed equally to

this work.
This necessitates techniques for quantitative assessment and
D< Hangsik Shin appropriate management of pain during and after surgery to
hangsik.shin@amc.seoul.kr ensure positive patient outcomes.
041 Byung-Moon Choi Clinicians typically administer analgesics based on expe-

byungmoonchoi7 @gmail.com rience and weight-based calculations. Yet, even experienced

Department of Digital Medicine, Brain Korea 21 Project, professionals risk under- or over-treatment due to high

Asan Medical Center, University of Ulsan College variability in patients’ physiological characteristics [3, 4].
of Medicine, Seoul 05505, Republic of Korea Efforts to quantify pain are ongoing, with tools like the Sur-
2 Department of Anesthesiology and Pain Medicine, Asan gical Pleth Index (SPI) (GE Healthcare, Helsinki, Finland)
Medical Center, University of Ulsan College of Medicine, developed for intraoperative pain management [5]. However,
Seoul 05505, Republic of Korea these features are designed for anesthetized patients and
3 Interdisciplinary Program of Biomedical Engineering, exclude factors like psychological and emotional changes,

Graduate School, Chonnam National University, Yeosu,

! limiting their use for conscious patients postoperatively [6].
Republic of Korea

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42835-024-01999-1&domain=pdf
http://orcid.org/0009-0004-5396-6033
http://orcid.org/0009-0006-9697-3027
http://orcid.org/0000-0001-8144-2190
http://orcid.org/0000-0002-3353-0310
http://orcid.org/0000-0002-6561-8851

3666

Journal of Electrical Engineering & Technology (2024) 19:3665-3674

Postoperative pain is often managed with patient-controlled
analgesia, allowing self-administration of pain medication.
However, this subjective approach can lead to the overuse
of analgesics, causing side effects like nausea, vomiting, and
respiratory depression [7]. Thus, effective management of
both intraoperative and postoperative pain demands quan-
titative assessment techniques that consider both patients'
physiological characteristics and pain sensitivity. Currently,
no clinically usable techniques exist for assessing pain sever-
ity during and after surgery. While previous studies have
developed pain assessment features based on photoplethys-
mography (PPG), these only focused on pain presence, not
multi-stage severity [8, 9]. PPG is a noninvasive biosignal
known to estimate autonomic nervous system activity and
is already used in tools like the SPI [10].

We aimed to identify PPG features that significantly
change in response to surgical stimuli and explore features
that can assess pain severity during and after surgery. We
achieved this by extracting pain assessment features from
PPG measurements taken before, during, and after surgery;
selecting features that show significant changes across pain
intervals; identifying features with consistent trends in
response to both intraoperative and postoperative pain; and
validating the selected features for their ability to discrimi-
nate between different surgical pain severities.

2 Materials and Methods
2.1 Dataset

The study involved 386 patients aged 20—79 years scheduled
for various routine surgeries, including thyroid procedures,
abdominal surgeries, and mastectomies. Only patients clas-
sified as American Society of Anesthesiologists physical sta-
tus class I, II, and III were included. To ensure data quality,
we excluded patients with autonomic nervous system dis-
orders, arrhythmias, current sedative use, a history of neu-
rosurgery, psychiatric disorders, or neuromuscular diseases
causing spontaneous pain. We continuously recorded PPG
signals from the start of anesthesia until the end of surgery
in the operating room. PPG recordings resumed upon the
patient’s awakening in the recovery room. The GE Datex
S/5 series monitor (GE Datex Ohmeda, Helsinki, Finland)
collected PPG data in the operating room at a sampling fre-
quency of 300 Hz. All data used in this study were approved
by the Institutional Review Board of Asan Medical Center
(IRB No: 2021-0100).

2.2 Pain Severity Labeling

Intraoperative pain labeling was based on the timing of intu-
bation and skin incision. Periods before these events were
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considered stable and labeled as “no pain”. Following intu-
bation and incision, pain severity was categorized as “no
pain”, “moderate pain”, or “severe pain” using established
clinical criteria. “Moderate pain” was defined as a heart
rate > 90 beats per minute or a blood pressure increase of
15 mmHg. “Severe pain” was defined as a heart rate> 110
beats per minute or a blood pressure increase of 30 mmHg
[11]. All other cases were labeled as “no pain”. Postopera-
tive pain severity was assessed using the numeric rating
scale (NRS), which is conventional method for pain assess-
ment that indicates pain on a scale from O to 10 [12], and
categorized as “no pain”, “moderate pain”, or “severe pain”.
“No pain” was assigned for NRS =0,”moderate pain” for
0 <NRS <6, and “severe pain” for NRS > 6. For the final
analysis, data from 242 patients (117 males, 125 females,
average age: 58.4 + 10.6 years) was included. This data with
poor signal quality due to noise, visually indistinguishable
waveforms, or missing pain labels were excluded. For the
analysis of pain presence during and after surgery, “moder-
ate pain” and “severe pain” were combined into a single
“pain” category. All other instances were classified as “no
pain”. Table 1 shows pain labeling status for intraoperative
and postoperative.

2.3 Analysis Interval

Figure 1 illustrates the data analysis intervals, divided into
preoperative, intraoperative, and postoperative periods. The
preoperative period starts 2 min before anesthesia adminis-
tration. The intraoperative period is further segmented into
2-min intervals: before intubation, after intubation, before
skin incision, and after skin incision. Finally, the postopera-
tive period begins 2 min after the patient wakes up in the

Table 1 Pain labels for each analysis interval

Analysis group Analysis interval Pain label

No pain Pain (moderate, severe)

Intraoperative ~ Preintubation 242 0(0,0)
Postintubation 130 112 (68, 44)
Preincision 242 0(0,0)
Postincision 120 122 (89, 33)

Postoperative ~ Preoperation 242 0(0,0)
Postoperation 19 223 (100, 123)

Intraoperative Pain level criteria: Intraoperative pain levels were eval-
uated by heart rate (HR) and the difference between before and after
systolic blood pressure pain stimulation (A SBP). Pain was labeled as
“severe” if the HR is above 110 and A SBP>30 mmHg, “moderate”
if HR is above 90 and A SBP> 15 mmHg, and “no pain” otherwise.
Postoperative pain label criteria: postoperative pain levels are evalu-
ated by using the numerical rating scale (NRS). Pain was labeled as
“severe” if NRS> 6, “moderate” if 0 <NRS <6, and “no pain” oth-
erwise
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recovery room. Research suggests the average time for a  rising slope (S,), maximum rising slope (S,,,,), and fall-

maximum pain response to a stimulus is within 2 min [13].
This finding informed the selection of these specific analysis
intervals.

2.4 Signal Preprocessing

The PPG signal was first preprocessed using a finite impulse
response band-pass filter. This filter isolated the relevant fre-
quency range (0.5-50 Hz) for pain assessment. To extract
pain-related features, an adaptive threshold detection algo-
rithm identified the pulse onset and systolic peak of each
heartbeat within the filtered PPG signal [14]. Experienced
researchers manually corrected any missed or incorrectly
detected peaks. Finally, each PPG waveform was segmented
into individual pulses, defined as the period between consec-
utive pulse onsets. All preprocessing steps were performed
using Matlab R2022a (MathWorks, Inc., MA, USA).

2.5 PPG-Based Pain Feature Derivation

For pain assessment using PPG, we extracted a total of 180
features based on previous research (Fig. 2) [8, 9]. These fea-
tures captivate various characteristics of the PPG waveform
derived from the detected pulse onset and systolic peak.
These features focus on characteristics like pulse interval,
amplitude variation, slope, and area. Examples include sys-
tolic length (L), diastolic length (Ly;,), and peak-to-peak
interval (PPI,.,) for pulse interval; pulse amplitude based
on baseline amplitude (ACAy,), the amplitude difference
between adjacent pulse onset amplitudes (PV,.,), and pulse
width at the specific pulse amplitude (PW,) for amplitude;

ing slope (Sy) for slope; and systolic area (Ayy,), diastolic
area (Ag;,), total area (A,,), and triangular areas calculated
between onsets and systolic peak (triangular systolic area
[TriAgy], triangular diastolic area [TriAy;,], and triangular
total area [TriA,,,] for area). Normalized features account
for variations caused by baseline heart rate differences by
calculating ratios between basic features. To account for
individual variability, we extracted the minimum, median,
and maximum values for each feature across all pulses meas-
ured for each subject. This application of three extraction
methods (minimum, median, and maximum) to the 60 basic
and normalized features resulted in a total of 180 features
used for the final analysis. Table 2 presents these features.

2.6 Pain-Related Feature Analysis

We aimed to identify features that could distinguish between
pain and no pain states, as well as assess pain severity. Sta-
tistical tests were employed to achieve this goal. For intra-
operative pain, we compared features between the “no pain”
and “pain” groups for periods before and after endotracheal
intubation and skin incision. For postoperative pain, features
were compared between “no pain” and “pain” groups before
and after surgery.

The criteria for selecting pain-related features differed
based on the surgical stage. During surgery, a feature had
to show significant differences (p <0.05) in both pre and
postintervention comparisons (intubation and skin incision).
In contrast, for postoperative pain, features only needed to
show significant differences before and after surgery. The
Mann—Whitney U test was employed to assess the presence
of pain for both intraoperative and postoperative stages. The
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Fig.2 Example of photoplethysmograph waveform features. Filled
circle and empty circle indicate systolic peak and pulse onset, respec-
tively. Ly, systolic length; Lg;,, diastolic length; PP, pulse onset
peaks interval; ACA,;, AC amplitude from baseline; PV, ampli-

onset®
tude difference between adjacent pulse onsets; PW,, pulse width at

data used for pain severity analysis differed based on the
surgical stage as well. For intraoperative severity assess-
ment, data from after endotracheal intubation and after skin
incision were used. For postoperative severity assessment,
data from the postoperative period were utilized.

The Kruskal-Wallis test was performed for each selected
feature to identify significant changes in pain severity dur-
ing and after surgery (p <0.05). If significant differences
were found, Dunn's post-hoc test with Holm correction
for multiple comparisons was conducted to differentiate
between “no pain vs. moderate pain”, “moderate pain vs.
severe pain”, and “no pain vs. severe pain”. Features with
significant differences (p < 0.05) in all severity comparisons
were considered pain severity-related. Figure 3 illustrates
the statistical analysis process for pain presence and severity
features. Importantly, analyses were performed separately
for intraoperative and postoperative periods; however, the
statistical testing methods remained consistent.

3 Results
3.1 Assessment of the Presence of Surgical Pain

Analysis of pain presence during and after surgery revealed
106 features that exhibited significant differences (p < 0.05)
between the “no pain” and “pain” groups. These differences
were observed before and after endotracheal intubation and
skin incision procedures. Additionally, 124 features showed
significant differences (p < 0.05) between the groups before
and after surgery. Figure 4 provides boxplots for features
that responded significantly (p <0.05) to pain stimuli during
and after surgery.
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x% of maximum amplitude (x=30, 50, 70, 90); S, rising slope; S
maximum rising slope; Sy, falling slope; A

Agip, area of a diastolic phase; Ay, area of a pulse; TriAgy, trian-
gular area of a systolic phase; TriAg,, triangular area of a diastolic
phase; TriA,, triangular area of a pulse

rmax?
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3.2 Assessment of Intraoperative Pain Severity

Analysis of pain presence during surgery revealed 106
features that distinguished between “no pain” and “pain”
groups. Among these, 27 features further differentiated
between “no pain”, “moderate pain”, and “severe pain”
(p <0.05). These 27 features included 15 basic features and
12 normalized features. The selected features included seven
amplitude features, two slope features, five area features,
and one kurtosis feature. Normalized features were ratios
of amplitude, slope, and area features. Figure 5 illustrates
the post-hoc analysis results of basic features and the post-
hoc analysis results of normalized features according to pain
severity.

Among the amplitude features (min PV,
max PV .., min ACA,, max ACA,, min ACA ., max
ACV o), “min PV, 7, “min PV, /", and “max PV,”
decreased in moderate and severe pain compared to no pain,
but the difference between moderate and severe was not
clear. In contrast, “min ACA,;”, “max ACA,;”, “min ACA
onset » and “max ACV,_,...” showed a consistent decrease with
increasing pain severity. All minimum values for slope fea-
tures (min S, min S,,.) and area features (min Ag;,, min
Aporay Min TriA g, min TriAg,, min TriA ) decreased with
increasing pain severity. The minimum pulse amplitude kur-
tosis (min P, ) also decreased with increasing pain sever-
ity. Normalized amplitude change features (ACV,/ACA
br ACAL/ACA err ACV o/ ACA,;, ACV, . /ACA
generally decreased with pain presence but lacked a clear
trend between moderate and severe pain. The normalized
slope feature (S,,,,,/S,) decreased with pain presence. Most
normalized area features (Agy/Agizs Agys/ Avoral> Adial Avotal)>
except for the Ay;,/A,,» increased with pain severity. The
observed decrease in pulse interval, area, and kurtosis of
the PPG waveform suggests that as pain intensity increases,
the pulse interval and waveform area decrease, making the

waveform smoother compared to its baseline shape.

min PV

onset?

onset)
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Table 2 Photoplethysmogram

’ No Feature Definition
waveform-based pain-related
features 1 Ajotal Area of a pulse
2 Agys Area of a systolic phase
3 Agia Area of a diastolic phase
4 TriA g Triangular area of a pulse
5 TriAgy, Triangular area of a systolic phase
6 TriA g, Triangular area of a diastolic pulse
7 Ly, Systolic length
8 Lgia Diastolic length
9 PP Systolic peaks interval
10 PPL Pulse onset peaks interval
11 Pyew Skewness of pulse
12 | . Kurtosis of pulse
13-16 PW, Pulse with at x% of maximum amplitude (x =30, 50, 70, 90)
17 ACAy,; AC amplitude from baseline
18 ACA ot AC amplitude from pulse onset
19 ACVy Difference between adjacent ACA;
20 ACV et Difference between adjacent ACA .,
21 PV Amplitude difference between adjacent systolic peaks
22 PV, et Amplitude difference between adjacent pulse onsets
23 S, Rising slope
24 S¢ Falling slope
25 LS, Rising slope length
26 LS Falling slope length
27 Simax Maximum rising slope
28 Ay dAgal Ratio of Ay to Ay
29 Adia Atotal Ratio of Ay, t0 Ay
30 Ay dAdia Ratio of A to Ay,
31 A/ ACAy, Ratio of A, to ACAy,;
32 A/ ACAy, Ratio of Ay to ACA,,
33 A/ ACAy, Ratio of A, to ACAbl
34 TriAg,/TriA Ratio of TriAy to TriA
35 TriAg,/TriA Ratio of TriAy, to TriA
36 TriAy/TriAg, Ratio of TriA, to TriAy,
37 Lys/PPL et Ratio of Ly, to PPI,
38 Lio/ PPL et Ratio of L, to PP ..
39 Lyys/Lgia Ratio of Ly, to Lg;,
40 ACV/ACA et Ratio of ACVy, to ACA
41 ACV,/ACA; Ratio of ACVy, to ACA,;
42 ACV, o/ ACA oot Ratio of ACV, . to ACA ot
43 ACV,,/ACAy; Ratio of ACV, . to ACA,
44 Simax/Se Ratio of S, to S,
45 S/S¢ Ratio of S, to Sy
46 S/ACAy, Ratio of S, to ACA;
47-50 PW,/PPlonset Ratio of PW, to PPI .., (x=30, 50, 70, 90)
51 (Aorall ACA, Ly Ratio of (Au/ ACA) t0 Ly
52 (Aa/ ACAL)/Lgia Ratio of (A,,/ACA)) to Ly,
53 (Aa/ ACAL)/PPL o Ratio of (A,/ACAy)) to PPI
54 (Ayy/ ACA /Ly Ratio of (A, /ACAy)) to Ly
55 (Ayy/ ACAR/L i, Ratio of (Ay,/ACAy) to Ly,
56 (Ayy/ ACAy)/PPL oy Ratio of (Ay,/ACAy)) to PPl
57 (Agi/ ACAL/ Ly Ratio of (Ay;,/ACAy) to Ly
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Table 2 (continued)

No Feature Definition
58 (Agio/ ACAL)/Lgia Ratio of (A4, /ACA,)) to L,
59 (Ag4i/ACA)/PPL Ratio of (A4;,/ACA,) to PPI .
60 (S/ACA)/PPT Ratio of (S/ACAy)) to PPI .,
Fig.3 Process for derivin . %
J Ve Intraoperative Postoperative

features for pain severity assess-
ment = Preintubation
= Postintubation
= Preincision

Postincision

Mann-Whiteney U test

= Preoperation
= Postoperation

Pain assessment

Mann-Whiteney U test (presence or absence)

If p < 0.05,
the feature was selected

Significant feature
based Intraoperative

= Postintubation
= Postincision

Kruskal-Wallis test
Dunn post-hoc

Fig.4 Boxplots of photop-

Significant feature
based Postoperative

= Postoperation

Kruskal-Wallis test
Dunn post-hoc

Pain severity assessment
(nopain or moderate or severe)

lethysmogram waveform-based E so‘— pain ' l [ =5 \
. . . ain *kk *kk
features showing significant ¢ L 104 ¢ — ¢
changes with surgical pain. The 0.7 ' ¢
terms ‘max’ and ‘min’ indicate *kk ,
the minimum and maximum 064 _ o - 81 ¢
representative values of the 2 : N _ ¢ '
features within analysis interval, s 051 < 61 *
respectively. Ay /A, ratio of 7 <
area of a systolic phase to area i 0.4l H I £,
of a diastolic phase (left); ACA g ' g
1> AC amplitude from baseline
(right); ““p <0.001 0-31 21
024 . ol
T T T T T T T T
Pre  Endotracheal Skin Post Pre  Endotracheal Skin Post
operation Intubation Incision operation operation Intubation Incision operation

Analysis Interval

3.3 Assessment of Postoperative Pain Severity

Postoperative pain assessment identified 122 features that
differed significantly (p < 0.05) between the “no pain” and
“pain” groups. Among these, 12 features further distin-
guished between the “no pain vs. moderate”, “no pain vs.
severe”, and “moderate vs. severe” groups. Figure 6 show-
cases boxplots of these 12 selected normalized features, all
related to area and amplitude. Area and amplitude features

exhibited an increasing trend with increasing pain severity.
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Analysis Interval

Statistical analysis revealed that pulse interval (Lg;,, Ly,
PPI .. and baseline-corrected amplitude features (ACA
v tended to decrease with increasing pain; however, the
differences were not statistically significant. In contrast,
area-related features (A, Ay Ag;y) sShowed a significant
increase (p < 0.05) with increasing pain severity.
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Fig.5 Post-hoc analysis of photoplethysmogram waveform features
showing significant changes with intraoperative pain severity. (a)
basic features, (b) normalized features. ACA,;, AC amplitude from
baseline; ACA, AC amplitude from pulse onset; ACVy;, differ-

onset?
ence between adjacent ACA; ACV,,. difference between adja-
area of a systolic

cent ACA,.; Agip, area of a diastolic phase; Ay,
amplitude

phase; A area of a pulse; Py, kurtosis of pulse; PV,

total’ onset?

4 Discussion

This study holds significant value as a foundational
research effort using PPG to assess pain severity during
and after surgery, irrespective of the patient's conscious-
ness. Unlike traditional methods that only assess the pres-
ence of pain, the features identified in this study have the
potential to evaluate pain severity throughout the periop-
erative period. This suggests the possibility of a unified
approach to pain management, even when patients are
conscious. The analysis of pain severity revealed signifi-
cant reductions in PPG features related to amplitude, ris-
ing slope, area, and kurtosis during intraoperative pain
assessment. Similar reductions in amplitude, area, and

(b)

difference between adjacent pulse onsets; PV, amplitude differ-
ence between adjacent systolic peaks; S, .., maximum rising slope;
TriA ., triangular area of a pulse; TriAy;,, triangular area of a dias-
tolic pulse; TriAy,, triangular area of a systolic phase; The terms
‘min’ and ‘max’ indicates the minimum and maximum representative
values of the features within analysis interval, respectively. p < 0.05,

“p <0.01, " p < 0.001

pulse interval were observed in the postoperative pain
assessment.

The observed decrease in pulse interval and amplitude
can likely be attributed to sympathetic nervous system acti-
vation triggered by pain stimuli. This activation leads to
increased heart rate, vasoconstriction, and vascular resist-
ance, resulting in reduced PPG amplitude and pulse inter-
val length [15, 16]. Furthermore, the decrease in PPG area
and kurtosis suggests that pain stimuli cause the waveform
to become smoother and less peaked due to reduced pulse
interval and amplitude. However, the analysis of postopera-
tive pain severity showed a trend of increasing PPG area
features with higher pain severity. This divergence from the
intraoperative findings could be due to individual differences

@ Springer
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Fig.6 Post-hoc analysis of photoplethysmogram waveform features
showing significant changes with postoperative pain severity. The
terms ‘median’ and ‘max’ indicates represent the median and maxi-
mum representative values of the features within analysis interval,

in baseline heart rate, sympathetic response, and pain sen-
sitivity when patients are conscious. This finding highlights
the need for further investigation into the mechanisms under-
lying these observations.

No common features were identified for assessing pain
severity in both surgical stages. This suggests that pain
responses may vary depending on an individual’s physi-
ological characteristics. Normalizing baseline values or
analyzing changes in features before and after anesthesia
might be necessary for a more comprehensive assessment.
Additionally, this study did not confirm if the proposed
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features have the sensitivity to accurately differentiate
pain severity according to established clinical assessment
standards. Future research should evaluate these features
across more detailed pain severity levels to verify their
applicability in clinical settings. Also, in this study, post-
operative pain was only analyzed after the anaesthetic
woke up and before analgesia was administered, and
observing a reduction in severity with analgesia may be
necessary for a more sophisticated analysis.
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5 Conclusion

This study paves the way for identifying novel pain fea-
tures derived from PPG that can assess pain severity dur-
ing and after surgery, regardless of a patient's conscious-
ness. These features move beyond traditional methods,
which solely determine pain presence. Instead, they offer
the ability to gauge pain severity, a crucial step towards
personalized pain management and the development of
effective treatment plans.
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