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Abstract: Objectives: To elucidate the correlation between preoperative pupillary parameters, obtained via auto-
mated pupillometry, and postoperative pain outcomes in patients undergoing thoracoscopic surgery. Methods: Be-
tween July and October 2023, 116 patients scheduled for thoracoscopic procedures under general anesthesia were
prospectively enrolled. Preoperative pupillary metrics were systematically recorded using an automated pupillom-
eter. Postoperative acute and chronic pain were rigorously assessed using the Numerical Rating Scale (NRS) and
structured telephone follow-ups. Logistic regression analyses were employed to examine the association between
perioperative pupillary variables and postoperative pain intensity. Receiver operating characteristic (ROC) curve
analyses and clinical prediction models were constructed to evaluate the predictive capacity of these parameters.
Results: Multivariate analysis identified age, gender, American Standards Association (ASA) classification, minimum
pupil diameter [0dd Ratio (OR) = 0.37, P = 0.006], contraction latency (OR = 1.38, P = 0.007), and average dilation
velocity (ADV; OR = 15.62, P = 0.003) as independent predictors of acute postoperative pain. The composite clinical
prediction model demonstrated good predictive efficacy, with area under the ROC curve values of 0.802 in the train-
ing set and 0.819 in the validation cohort. Notably, average dilation velocity (ADV) emerged as a robust independent
predictor of both chronic postoperative pain (OR = 223.13, 95% Cl = 13.16-3782.33, P < 0.001) and acute-to-
chronic pain transition (OR = 59.75, 95% Cl = 1.81-1969.32, P = 0.022). Conclusion: This study establishes novel
pupillometric biomarkers as independent risk factors for post-thoracoscopic pain, providing valuable insights for
targeted pain management strategies.
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Introduction reporting moderate pain [1]. Acute postopera-
tive pain not only restricts patient mobility and
respiratory function but may also exacerbate
stress responses, leading to increased release
of stress hormones and thereby elevating the
risk of chronic pain development [2, 3]. On the
other hand, while opioid use is effective in pain
relief, it carries risks of adverse effects, includ-
burdens on healthcare providers.ConsequentIy, ing nausea, Vomiting’ Constipation, respiratory

early prediction of postoperative pain is critical depression, and opioid-induced hyperalgesia
for optimizing analgesic strategies and enhanc- [4].

ing patient recovery. Prior studies report that

Despite significant advancements in periopera-
tive medicine, postoperative pain management
remains a pressing and clinically challenging
issue. Postoperative pain is a common con-
cern among surgical patients, leading to sub-
stantial discomfort, distress, and considerable

approximately 48.2% of surgical patients expe-
rience significant pain within 24 hours postop-
eratively, with 11% reporting severe and 37.2%

Chronic postsurgical pain (CPSP), defined as
pain persisting for at least three months be-
yond normal tissue healing, typically localizes
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to the surgical site or corresponding dermato-
mal distribution, excluding unrelated pre-exist-
ing pain conditions [5]. CPSP exerts profound
effects on daily functioning, potentially contrib-
uting to insomnia, fatigue, mood disturbances,
and appetite suppression, ultimately diminish-
ing patients’ quality of life [6-8]. Notably, sub-
optimal acute pain management may predis-
pose patients to the transition from acute to
chronic pain.

Both acute and chronic pain development are
influenced by multiple risk factors, including
patient-specific characteristics, anesthetic te-
chniques, and surgical factors. Early identifica-
tion of these predictors and the implementa-
tion of targeted interventions are essential
for mitigating postoperative pain incidence.
Although many studies have attempted to con-
struct predictive models incorporating preop-
erative and intraoperative variables, the pre-
cise risk factors for postoperative pain remain
incompletely characterized and are still subject
to ongoing debate.

Automated pupillometry is a noninvasive, highly
reproducible, and precise modality that pro-
vides quantitative assessments of key param-
eters, including pupil diameter (PD), pupillary
reflex dilation (PRD), and pupillary light reflex
(PLR). These metrics have been objectively cor-
related with nociceptive states in prior investi-
gations [9]. Recently, pupillometry has gar-
nered increasing attention in perioperative pa-
in management, demonstrating utility in pain
quantification, opioid efficacy monitoring, and
analgesic response evaluation [10-12]. Emer-
ging evidence suggests that pupillometry-guid-
ed intraoperative analgesia significantly reduc-
es postoperative pain intensity and decreases
intraoperative remifentanil consumption com-
pared with conventional analgesia guided by
the surgical pleth index [13]. Further studies
by David et al. have substantiated the clini-
cal utility of pupillometry in postoperative pain
assessment and opioid titration [14].

Given the paucity of research on pupillometric
predictors of postoperative pain and limita-
tions associated with single-parameter analy-
ses and model construction, this study hypoth-
esizes that one or more preoperative pupillary
variables may serve as reliable predictors for
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postoperative pain. The novelty of this study
lies in the development of a nomogram-based
clinical prediction model incorporating base-
line patient characteristics and pupillometric
parameters. This model aims to facilitate early
identification of high-risk patients, addressing
the gap in relevant research. It holds promise
for guiding personalized analgesic strategies,
improving postoperative outcomes, enhancing
quality of life, and reducing healthcare ex-
penditures.

Methods
Case selection

This study was conducted in strict adherence
to ethical principles of medical research and
was approved by the Ethics Committee of
the Affiliated Yantai Yuhuangding Hospital of
Qingdao University (Approval No: 2023-391). All
research activities were conducted in accor-
dance with the principles of the Declaration of
Helsinki. The trial was registered with the
Chinese Clinical Trial Registry (Registration
number: ChiCTR2400082643). All participants
provided written informed consent. This study
was conducted between July and October 2023
in the wards, operating rooms, and postopera-
tive anesthesia care unit (PACU) of Yantai
Yuhuangding Hospital.

Inclusion criteria: (1) Age between 18 and 70
years; (2) American Society of Anesthesiolo-
gists (ASA) physical status classification of 1 to
3; (3) Elective procedures including televised
thoracoscopic lobectomy, segmental lung re-
section, or lung wedge resection [15]; (4) Ability
to understand the Numeric Rating Scale (NRS)
and correctly assess pain levels.

Exclusion criteria: (1) ocular diseases or a his-
tory of ocular surgery; (2) neuromuscular disor-
ders; (3) diabetes mellitus; (4) thyroid dys-
function; (5) pupillary deformities; (6) the use
of medications affecting pupil size, including
dopamine receptor antagonists, neuromuscu-
lar blockers, or anticholinergic drugs; (7) plann-
ed neurosurgical procedures; (8) sensory dys-
function; or (9) preoperative chronic pain.

During the postoperative follow-up phase, pa-
tients were excluded if they experienced any of
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the following conditions: metastasis-induced
cancer pain, lost to follow-up, deceased, inabil-
ity to complete the questionnaires, or poor
wound healing.

Research methods

Preoperative assessment: Prior to surgery,
demographic data including gender, age, and
body mass index (BMI) were recorded for each
patient, along with their personal and medical
history. To assess pupillary function accurately,
a PLR-3000™ portable infrared pupillometer
was used for the quantitative analysis of pupil-
lary parameters. This device, recognized for its
high precision and portability, effectively mea-
sures multiple dynamic pupillary indicators,
including maximum pupillary diameter (maxi-
mum PD before constriction), minimum pupil-
lary diameter (PD at peak constriction), per-
centage change ((maximum PD - minimum PD)/
maximum PD), constriction latency (time from
light stimulus onset to the beginning of pupil-
lary constriction), average constriction velocity
(ACV), maximum constriction velocity (MCV),
average dilation velocity (ADV), and time to 75%
recovery (T75, the time for the pupil to return to
75% of its original PD). Each measurement was
conducted over a 5-second period by a trained
researcher in a dimly lit environment to mini-
mize external light interference. Patients were
instructed to fixate straight ahead and cover
the contralateral eye to stabilize the pupil posi-
tion and avoid accommodation reflex effects
on the PLR measurements. Measurements
were repeated if suboptimal data quality arose
due to blinking, head movement, or equipment
malfunction.

Intraoperative management: Upon arrival in
the operating room, the patient’s vital signs
were monitored, including invasive arterial
pressure, electrocardiogram, blood pressure,
pulse, heart rate, airway pressure, respira-
tory rate, and end-expiratory CO,. Anesthesia
was induced with 0.04 mg/kg midazolam
(H20031037, Jiangsu Nhwa Pharmaceutical
Co., Ltd.), 0.3 ug/kg sufentanil (H20237165,
Yichang Humanwell Pharmaceutical Co., Ltd.),
0.3 mg/kg etomidate (H32022999, Jiangsu
Nhwa Pharmaceutical Co., Ltd.), and 0.15 mg/
kg cisatracurium (H20183042, Jiangsu Heng-
rui Pharmaceuticals Co., Ltd.) or 0.6 mg/kg

7104

rocuronium (H20103495, North China Phar-
maceutical Corporation Limited) followed by
endotracheal intubation. After 10 minutes, a
nerve blocker was inserted and adjusted as
necessary, and patients were positioned later-
ally for a combined paravertebral nerve block
using 0.375% ropivacaine. After intubation,
mechanical ventilation with volume control
was initiated, maintaining end-expiratory CO,
levels between 35 and 45 mmHg. Intraven-
ous infusion of propofol (50-100 ug/kg/min,
H20010368, Xi'an Libang Pharmaceutical Co.,
Ltd.) and remifentanil (0.1-1 pg/kg/min,
H20030197, Yichang Humanwell Pharmaceu-
tical Co., Ltd.) was administered, with an addi-
tional intravenous bolus of 0.1 pg/kg sufentanil
given 30 minutes before the end of the surgery
for preemptive analgesia.

Postoperative assessment: In the PACU, pain
intensity was assessed 10 minutes after the
patient regained consciousness. The NRS, a 10
cm visual analogue scale ranging from “0” (no
pain) to “10” (worst pain imaginable), was
employed for pain assessment. Patients were
instructed to mark the point on the scale that
best represented their pain level, and a nurse
subsequently recorded the score based on the
marked position. Patients with an NRS score >
3 were classified into the acute postoperative
pain group, while those with an NRS score < 3
were classified into the non-acute postopera-
tive pain group. Three months postoperatively,
a telephone follow-up was conducted to inquire
about the presence of chronic postoperative
pain. Pain severity was again assessed using
the NRS, with scores > 1 indicating chronic
postoperative pain and scores < 1 classified as
non-chronic postoperative pain.

Statistical analysis

Statistical analyses were performed using IBM
SPSS Statistics (version 25.0) for primary data
processing and R software (version 3.3.3) for
predictive model development and visualiza-
tion. Continuous variables with a normal distri-
bution were expressed as mean + standard
deviation (M + SD) and compared using inde-
pendent samples t-tests. Categorical data were
presented as frequency counts and analyzed
using x? tests. Univariate logistic regression
analysis was initially conducted to identify

Am J Transl Res 2025;17(9):7102-7119



Predictors of acute and chronic pain after thoracoscopic surgery

Figure 1. Flowchart of participant selection. NRS: Numerical Rating Scale;

PACU: Post-Anesthesia Care Unit.

potential confounders and variables of interest,
with NRS > 3 serving as the primary outcome
measure. Variables demonstrating statistical
trends (P < 0.1) in univariate analysis were sub-
sequently incorporated into multivariate logis-
tic regression models, maintaining consistent
exposure variables and outcomes across all
analytical stages. Statistical significance was
defined as a two-tailed p-value < 0.05.

The predictive performance of the models was
evaluated using receiver operating characteris-
tic (ROC) curve analysis with corresponding
area under the curve (AUC) values, precision-
recall (PR) curves for postoperative pain screen-
ing, calibration curves for assessing model fit,
and decision curve analysis for evaluating clini-
cal utility. Advanced model interpretation was
achieved through decision plot visualization,
SHAP (SHapley Additive exPlanations) value
interpretation plots, correlation coefficient
heatmaps, and additional machine learning-
based feature importance analyses.

SHAP is an additive feature attribution ori-
ginally proposed by Lundberg and Lee [16],
designed to explain feature contributions in
artificial intelligence and machine learning
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models, specifically in the area
of explainable artificial intelli-
gence (XAl). Recently, SHAP
has shown promise in feature
selection, offering valuable in-
sights by explaining the con-
tribution of each feature to
model accuracy. This model-
agnostic method can be app-
lied to any machine learning or
deep learning model, ensuring
robust evaluation of both sta-
tistical performance and clini-
cal applicability throughout the
analytical processes.

Results

Pupil metrics and acute post-
operative pain

A total of 130 patients under-
went eligibility screening, with
116 ultimately included (Figure
1). Demographic and clinical
characteristics of this cohort
revealed a male predominance (70/116; 60%),
a high proportion classified as ASA Il (97/116;
84%), a majority without hypertension history
(82/116; 71%), and a predominance of non-
smokers (91/116; 78%). The mean age of
enrolled patients was 59.57 + 6.68 years, with
a mean BMI of 24.33 + 3.44. Among these, 45
patients (39%) reported NRS scores > 3, indi-
cating postoperative acute pain, whereas 71
patients (61%) exhibited NRS scores < 3 (Table
1).

Demographic analysis revealed significant dis-
parities in age (P = 0.053), sex (P = 0.045), and
ASA classification (P = 0.017) between the
acute postoperative pain group (NRS > 3) and
non-acute postoperative pain group (NRS < 3)
(Table 1). Pupillometric evaluation revealed
differences in minimum pupil diameter (P =
0.068), contraction latency (P = 0.035), and
ADV (P < 0.001) between groups (Table 2).
Univariate logistic regression incorporating
these pupillary metrics alongside age, sex, and
ASA classification identified all six variables
as potential predictors of postoperative acute
pain (Table 3).

Variables exhibiting P < 0.1 in univariate logis-
tic regression analysis were subsequently inte-
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Table 1. Comparison of demographic characteristics between acute pain and non-acute pain cohorts

Acute pain group

Non-acute pain group

Variables (NRS < 3;n = 71) (NRS > 3; n = 45) X/t P
Age, years 60.52 +6.13 58.07 + 7.28 1.949 0.053
BMI (kg/cm?) 24.63 + 3.45 23.85+3.42 0.655 0.236
Sex 4.032 0.045
Male 48 (67.61) 22 (48.89)
Female 23(32.39) 23 (51.11)
ASA 5.681 0.017
Il 64 (90.14) 33(73.33)
1] 7 (9.86) 12 (26.67)
History of smoking 1.264 0.261
No 53 (74.65) 38 (84.44)
Yes 18 (25.35) 7 (15.56)
History of hypertension 0.073 0.788
No 49 (69.01) 33(73.33)
Yes 22 (39.99) 12 (26.67)

Note: Values are presented as M + SD, median (interquartile range), or n (%); ASA: American Society of Anesthesiologists; BMI:

body mass index.

Table 2. Comparison of perioperative pupil parameters between acute pain and non-acute pain

cohorts

Variables (RS <3t (NRSsanedy P
Maximum pupillary diameter 4.06 + 0.89 3.89+0.84 1.024 0.322
Minimum pupillary diameter 3.34+0.75 3.07 £0.75 1.889 0.068
Percentage change 0.18 + 0.06 0.21+0.11 1.898 0.112
Constriction latency 25.63 +2.15 26.53 + 2.32 2.130 0.035
ACV 1.83+0.79 1.85+£0.79 0.133 0.908
MCV 2.64 + 0.98 2.96 + 1.38 1.459 0.142
ADV 0.73+0.22 0.90+0.31 3.452 <0.001
T75 1.02 £0.85 1.12 + 0.92 0.598 0.542

Note: Values are presented as M + SD. ACV: average constriction velocity; MCV: maximum constriction velocity; ADV: average

dilation velocity; T75: time to 75% recovery.

Table 3. Univariate logistic regression analysis of factors associ-

ated with acute postoperative pain

448, 95% Cl = 1.66-12.13,
P = 0.003), ASA classification

(OR = 3.59, 95% Cl = 1.10-

Variables P OR (95% ClI
Age, years 0.057 0.95 (E).89—1.())O) 1171, P = 0.034), minimum
’ pupil diameter (OR = 0.37,
Minimum pupillary diameter 0.071 0.62 (0.37-1.04) 95% Cl = 0.18-0.76, P =
Constriction latency 0.038 1.20 (1.01-1.43) 0.006), contraction latency
ADV 0.002 12.90 (2.47-67.44) (OR = 1.38, 95% CI = 1.09-
Sex 0.046 2.18 (1.01-4.70) 1.74, P = 0.007), and ADV
ASA 0.021 3.32(1.20-9.24) (OR = 15.62, 95% Cl = 2.50-

Note: 95% Cl: 95% confidence interval; ADV: average dilation velocity; ASA: Ameri-

can Society of Anesthesiologists.

grated into a multivariate model, identifying
age (odds ratios (OR) = 0.93, 95% confidence
intervals (Cl) = 0.87-0.99, P = 0.036), sex (OR =
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97.48, P = 0.003) as indepen-
dent predictors for postopera-
tive acute pain (Table 4).

A clinical prediction model was developed us-
ing these independent predictors. The cohort
was randomly partitioned into training and vali-
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Table 4. Multivariate logistic regression analysis of risk factors for

acute postoperative pain

(Figure 11). This model not
only enhances postoperative

pain prediction but also pro-

Variables P OR (95% Cl) ’ ]
Age. years 0020 os2wseosy) LR O e
Minimum pupillary diameter 0.006 0.18-0.76) .
- ity assessment.
Constriction latency 0.007 1.38 (1.09-1.74)
ADV 0.003 15.62 (2.50-97.48) Pupil metrics and chronic
Sex 0.003 4.48 (1.66-12.13) postoperative pain
ASA 0.034 3.59 (1.10-11.71)

Note: ADV: average dilation velocity; ASA: American Society of Anesthesiologists.

dation sets (7:3 ratio), with model perfor-
mance rigorously evaluated. Statistical analy-
sis revealed most P-values exceeded 0.05,
indicating satisfactory model fit (Table 5). A
nomogram was constructed, assigning weight-
ed scores to each predictor (age, minimum
pupil diameter, contraction latency, ADV, ASA
classification, and sex). The aggregate score
corresponded to a probability scale estimating
postoperative pain risk (Figure 2), enabling
effective patient stratification. Calibration cur-
ves demonstrated close alignment with the
ideal line in low-risk strata, with minor devia-
tions in moderate-to-high-risk ranges, support-
ing clinical utility (Figure 3).

The model’'s discriminative capacity was as-
sessed via ROC analysis, yielding AUC values
of 0.802 (training set) and 0.819 (validation
set), with optimal thresholds of 0.43 (sensiti-
vity 69.7%, specificity 81.3%, accuracy 76.5%)
and 0.34 (sensitivity 83.3%, specificity 73.9%,
accuracy 77.1%), respectively (Figure 4). Pre-
cision-recall curves further validated robust
performance (training AP = 0.79; validation AP
= 0.75), confirming reliable identification of
high-risk patients (Figure 5).

SHAP value analysis highlighted ASA classi-
fication and ADV as key predictors (mean
SHAP~0.4-0.5), whereas sex contributed mini-
mally (Figures 6, 7). Individualized SHAP plots
facilitated patient-specific risk interpretation
(Figure 8). Correlation heatmaps and decision-
path analysis revealed inverse relationships
between age, minimum pupil diameter, and
pain risk, whereas ADV and ASA classification
exhibited positive associations (Figures 9, 10).

Decision curve analysis (DCA) demonstrated
clinical net benefit within the 20%-50% thre-
shold range, outperforming extreme strategies
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Among the 116 patients in-
cluded in the acute pain analy-
sis, 10 were lost to follow-up,
yielding a final cohort of 106 patients for chron-
ic pain assessment (Figure 1). Demographic
and clinical characteristics of this subset de-
monstrated a male predominance (67/106;
63.2%), a high proportion classified as ASA Il
(90/106; 84.9%), a majority without hyperten-
sion history (74/106; 71.6%), and a predomi-
nance of non-smokers (82/106; 78.1%). The
mean age was 59.43 + 6.78 years, with a mean
BMI of 24.32 + 3.39. At the three-month follow-
up, 31 patients (29%) reported chronic postop-
erative pain (NRS > 1), while 75 patients (71%)
did not (Table 5).

Comparative demographic analysis between
the chronic and non-chronic pain cohorts re-
vealed no significant differences. However, pu-
pillometric assessment identified disparities in
mean ADV (P < 0.001), percentage change (P =
0.011), contraction latency (P = 0.061), MCV
(P = 0.043), and minimum pupil diameter (P =
0.091) (Table 6). These five pupillary variables
were incorporated into univariate and multivari-
ate logistic regression models, with ADV emerg-
ing as the sole independent predictor of chronic
postoperative pain (OR = 223.13, 95% CI =
13.16-3782.33, P < 0.001) (Table 7).

To further evaluate the predictive capacity of
ADV for chronic postoperative pain, ROC analy-
sis was performed. The AUC for ADV was 0.86
(95% Cl = 0.78-0.93), with an optimal cutoff
value of 0.785, sensitivity of 75%, and specific-
ity of 90% (Figure 12). These findings under-
score the utility of ADV as a robust predictor of
chronic postoperative pain.

Pupil metrics and the chronicization of acute
postoperative pain

In 45 patients with acute postoperative pain, 8
of them were lost of follow up, then, a cohort of
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Table 5. Test for balance between training and testing sets

Variables Total (n = 116) test (n = 35) train (n = 81) X2/t P
Age, years 59.57 + 6.68 58.91 + 6.62 59.85 +6.72 1.353 0.490
Minimum pupillary diameter 3.23+0.76 3.49 + 0.67 3.12+0.77 0.150 0.016
Constriction latency 25.98 + 2.25 26.34 + 2.33 25.83+2.21 0.454 0.259
ADV 0.80 + 0.27 0.81+£0.25 0.80 £ 0.28 0.055 0.861
Sex 0.604 0.437

Male 70 (60.34) 23 (65.71) 47 (58.02)

Female 46 (39.66) 12 (34.29) 34 (41.98)
ASA 0.897 0.344

Il 97 (83.62) 31 (88.57) 66 (81.48)

1} 19 (16.38) 4 (11.43) 15 (18.52)
Note: ADV: average dilation velocity; ASA: American Society of Anesthesiologists.

0 10 20 3 40 50 60 70 80 90 100 37 patients who developed

Points

AGE

END

ADV

o 02 04 0.6 08 1 1.2 14 16 18

ASA —t

SEX —

Total Points

Risk Probability
01 02 0304050607 08 09

Figure 2. Nomogram for the clinical prediction model of acute postopera-
tive pain. Note: END: minimum pupillary diameter; LAT: constriction latency;
ADV: average dilation velocity; ASA: American Society of Anesthesiologists.
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Figure 3. Calibration curve of the model.
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acute postoperative pain was
enrolled in this study. De-
mographic and clinical charac-
teristics of this subgroup de-
monstrated a male predomi-
nance (20/37; 54%), with most
patients classified as ASA I
(28/37; 75.7%), having no his-
tory of hypertension (27/37;
73%), and being non-smokers
(31/37; 84%). The mean age
was 57.57 + 7.65 years with
a mean BMI of 23.85 + 3.42.
At the three-month follow-up,
22 patients (59%) experienc-
ed chronification of acute post-
operative pain, while 15 pa-
tients (41%) did not.

Initial analysis revealed no
significant demographic differ-
ences between patients who
developed chronic pain and
those who did not. However,
pupillometric evaluation dem-
onstrated significant between-
group differences in mean ADV
(P = 0.010) (Table 8). Subse-
quent univariate and multivari-
ate logistic regression analy-
ses identified ADV as an inde-
pendent predictor of pain ch-
ronification (OR = 59.75, 95%
Cl 1.81-1969.32, P = 0.022)
(Table 9).

ROC curve analysis was per-
formed to further evaluate
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ROC Curve
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This study systematically ex-
amined the potential correla-
tions between preoperative
pupillary parameters and the
occurrence of both acute and
chronic postoperative pain. In
the analysis of acute pain, data
from 116 patients were used.
Through comprehensive multi-
variate logistic regression an-
alysis, we identified six inde-
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Figure 4. ROC curves for the predictive model in both the training and vali-
dation sets. Note: ROC: receiver operating characteristic; AUC: area under

the curve.
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&0 lary variable), along with pa-
tient age, ASA classification,
and gender. A clinical predic-
tion model incorporating the-
se six variables demonstrated
moderate but clinically mean-
ingful predictive accuracy for
acute postoperative pain de-
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velopment. In parallel, our ev-
aluation of pupillary character-
istics in 106 patients experi-
encing chronic postoperative
pain revealed ADV as the sole
independent predictive factor.
This finding underscores the
potential clinical utility of ADV
in forecasting long-term pain
outcomes. Furthermore, in a
supplementary analysis of 37
patients who transitioned from
acute to chronic postoperative
pain, ADV again emerged as
a significant predictor, further

0.0 0.2 0.4 0.6
Recall

Figure 5. Precision-Recall (PR) curve analysis for the predictive model in

both the training and validation cohorts.

ADV’s predictive capacity for pain chronifica-
tion. The optimal ADV cutoff value of 0.785
yielded an AUC of 0.81 (95% CI 0.63-0.98),
with 73% sensitivity and 91% specificity. These
findings suggest ADV’s potential utility as a
predictor for the chronification of acute post-
operative pain within three months (Figure
13).
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10 supporting its role in under-
standing the mechanisms un-
derlying pain chronification.

The physiological basis for

using pupillary measurements
in pain assessment lies in pain’s profound
impact on autonomic nervous system homeo-
stasis. Nociceptive stimuli disrupt autonomic
balance through two primary mechanisms: ac-
tivation of the sympathetic nervous system
and concurrent inhibition of parasympathetic
tone. These autonomic perturbations manifest
through measurable changes in several physi-
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SHAP Summary Plot with Feature Importance
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Figure 6. SHAP-based analysis of feature importance and directional impact
in predictive modeling. SHAP: SHapley Additive exPlanations.
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Figure 7. SHAP-based feature importance ranking. SHAP: SHapley Additive
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Figure 8. SHAP plot for patient-specific risk prediction. SHAP: SHapley Addi-
tive exPlanations.

ological parameters, including heart rate vari-
ability, arterial blood pressure fluctuations, and
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alterations in respiratory rate -
all of which reflect the dyna-
mic regulatory processes of
the autonomic nervous syst-
em [17]. Of particular rele-
vance, the iris musculature
represents a unique anatomi-
cal site where the sympathetic
and parasympathetic systems
interact in a complex, recipro-
cal manner to produce charac-
teristic pupillary oscillations.
The dilator pupillae muscle is
predominantly innervated by
the sympathetic nervous sys-
tem, while the sphincter pupil-
lae is primarily under parasym-
pathetic control [18]. Painful
stimuli trigger a sympatheti-
cally-mediated pupillary dila-
tion response, with the magni-
tude of dilation showing a po-
sitive dose-response relation-
ship with the intensity of the
nociceptive stimulus [19]. Pu-
pillary reflex dilation during
anesthesia is produced by in-
hibition of the Edinger-West-
phal nucleus, without sympa-
thetic involvement [18]. When
the Edinger-Westphal nucleus
is inhibited, the pupil is pas-
sively dilated, and sphincter
tone is lost. This index has
been previously used to as-
sess postoperative pain [10].
In one study [20], PRD mea-
surements were performed
once the patient’s responsive-
ness had returned. However, in
contrast to the PRD in uncon-
scious patients, which is a
supraspinal parasympathetic
reflex, the PRD in unanesthe-
tized patients is predominant-
ly a sympathetic reflex. This
neurophysiological relationsh-
ip establishes pupillometry as
a robust and physiologically
grounded tool for assessing
the dynamic balance between

sympathetic and parasympathetic activity in
the context of pain perception.
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Contemporary automated pu-
pillometry devices provide a
noninvasive, highly reproduc-
ible, and precise methodology
for quantifying several key
pupillary parameters that ha-
ve demonstrated utility in no-
ciception assessment. These
parameters include static PD,
dynamic PRD responses, and
characteristics of the PLR - all
of which have been empirically
validated as objective indica-
tors of nociceptive state and
pain processing. A growing
body of evidence supports a
positive correlation between
subjective pain intensity rat-
ings and objectively measured
pupillary dilation magnitude,
with multiple studies confirm-
ing that more intense pain sti-
muli elicit proportionally great-
er pupillary dilation responses
[20, 21]. Recent clinical inves-
tigations have further demon-
strated that anesthesia proto-
cols incorporating pupillome-
try-guided intraoperative anal-
gesic administration result in
superior pain outcomes com-
pared to conventional approa-
ches, including significant re-
ductions in immediate postop-
erative pain intensity scores
and decreased intraoperative
remifentanil requirements wh-
en compared to surgical pleth
index-guided analgesia [13].
Additional rigorous studies ha-
ve corroborated the clinical uti-
lity of pupillary measurements
in postoperative pain assess-
ment and opioid dose titration,
establishing their role in peri-
operative pain management
protocols [14]. The scientific
rationale for investigating pu-
pillary parameters as potential
predictors of postoperative pa-
in stems from their shared neu-
roanatomical substrates with
pain pathways. The pupillary
light reflex, being regulated by
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Table 6. Comparison of demographic characteristics and perioperative pupil parameters between

chronic pain and non-chronic pain cohorts

Variables Total (n = 106) "° (E\:r:ryg)Pam Ch(r:r:%i?m X/t P
Age, years 59.43 +6.78 59.40 £ 7.18 59.52 £ 5.80 0.083 0.937
Maximum pupillary diameter 3.98 £ 0.87 3.98 £ 0.92 3.98+0.77 0.016 0.987
Minimum pupillary diameter 3.22+0.77 3.30+0.78 3.02+0.71 1.724 0.089
Percentage change 0.19 £ 0.09 0.17 + 0.06 0.24 £0.12 4.00 0.011
Constriction latency 2592 +2.24 25.65 +2.13 26.55 +2.41 1.903 0.061
ACV 1.83 £ 0.80 1.77 £ 0.80 1.99 £ 0.79 1.293 0.195
MCV 2.74 +1.15 2.60 + 1.04 3.09 + 1.33 2.028 0.043
ADV 0.78 £ 0.26 0.70+0.21 0.99+0.24 6.199 <.001
BMI 24.32 + 3.39 24.68 + 3.50 23.65+3.12 1421 0.139
T75 1.08 £ 0.90 0.95 £ 0.53 1.40+1.43 2.372 0.107
Sex, n (%) 0.069 0.792
Male 67 (63.21) 48 (64.00) 19 (61.29)
Female 39 (36.79) 27 (36.00) 12 (38.71)
ASA, n (%) 0.621 0.624
Il 90 (84.91) 65 (86.67) 25 (80.65)
1 16 (15.09) 10 (13.33) 6 (19.35)
History of smoking, n (%) 1.306 0.253
No 82 (77.36) 60 (80.00) 22 (70.97)
Yes 24 (22.64) 15 (20.00) 9 (29.03)
History of hypertension, n (%) 2.093 0.148
No 74 (69.81) 55 (73.33) 19 (61.29)
Yes 32 (30.19) 20 (26.67) 12 (38.71)

Note: ACV: average constriction velocity; MCV: maximum constriction velocity; ADV: average dilation velocity; BMI: body mass

index; ASA: American Society of Anesthesiologists.

integrated autonomic pathways, provides a
window into the ongoing balance between
sympathetic and parasympathetic tone. This
physiological understanding motivated our sys-
tematic investigation to identify specific pupil-
lometric variables that might serve as reliable
predictors for both acute and chronic postop-
erative pain outcomes, with the ultimate trans-
lational goal of developing practical, noninva-
sive tools for preoperative risk stratification
that could facilitate personalized perioperative
pain management strategies and optimize re-
source allocation.

Our analytical results confirmed several key
hypotheses regarding pupillary predictors of
acute postoperative pain. As anticipated, th-
ree pupillary-specific variables - minimum pupil
diameter, contraction latency, and the compos-
ite measure ADV - emerged as statistically sig-
nificant predictors of acute postoperative pain
development. Additionally, three non-pupillary
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patient characteristics (age, gender, and ASA
classification) maintained their predictive va-
lue in our multivariate models, consistent with
existing literature. The predictive validity of PRD
merits particular attention. First described by
Budge in 1852 as a sympathetically-mediated
physiological response, our findings substan-
tially extend this historical observation by es-
tablishing its prognostic value in acute pain
prediction. Previous clinical investigations had
demonstrated significant correlations between
the Pupillary Pain Index (PPI, a derived metric
incorporating PRD measurements) and stan-
dard pain rating scales in specific patient popu-
lations, including neurosurgical patients [22]
and pediatric cohorts [23]. Our current research
advances this scientific understanding by dem-
onstrating that preoperative pupillary charac-
teristics can predict postoperative pain out-
comes, rather than simply showing reactive
correlations with concurrent pain states. The

Am J Transl Res 2025;17(9):7102-7119



Predictors of acute and chronic pain after thoracoscopic surgery

Table 7. Logistic regression analyses for postoperative chronic pain

) Univariate Multivariate

Variables
B S.E Z P OR (95% Cl) B S.E Z P OR (95% Cl)

Minimum pupillary diameter -0.49 0.29 -1.67 0.095 0.61 (0.34-1.09) -0.12 0.44 -0.27 0.790 0.89 (0.37-2.11)
Percentage change 11.73 3.89 3.02 0.003 124862.00(61.43-253784888.53) 7.83 6.44 1.22 0.224 2512.58 (0.01-761035658.53)
Constriction latency 0.19 0.10 1.85 0.064 1.20 (0.99-1.46) 0.26 0.13 2.06 0.139 1.30 (1.01-1.68)
ADV 6.24 143 4.37 <.001 514.87 (31.24-8486.16) 541 144 3.74 <.001 223.13 (13.16-3782.33)
MCV 0.36 0.19 1.90 0.058 1.44 (0.99-2.10) -0.06 0.35 -0.17 0.865 0.94 (0.48-1.86)

Notes: ADV: average dilation velocity; MCV: maximum constriction velocity.
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careful consideration. Several
well-designed studies have
failed to demonstrate signifi-
cant correlations between ei-
ther preoperative or postoper-
ative pain ratings and static
pupil diameter measurements
or NRS scores [25, 26]. These
discrepancies likely reflect im-
portant methodological differ-
ences, particularly regarding
the timing of pupillometric as-
sessments relative to nocicep-
tive stimuli and whether mea-
surements were obtained dur-
ing active noxious stimulation
[12, 18]. Our study intentional-
ly obtained preoperative pupil-

0.4 0.6
1-Specificity

0.8

Figure 12. ROC curve for ADV in predicting postoperative chronic pain.

clinical prediction model we developed, which
integrates both pupillary and non-pupillary vari-
ables, exhibited statistically significant asso-
ciations with postoperative NRS scores, there-
by reinforcing and extending previous correla-
tional findings. An independent study of 50
patients undergoing thoracoabdominal surgical
procedures similarly identified significant asso-
ciations between preoperative pupillary light
reflex latency parameters and postoperative
pain scores in PACU [24]. However, this particu-
lar investigation failed to identify other pupillary
parameters as significant predictors, possibly
attributable to their relatively low rate of rescue
analgesic administration (26% versus 43.3% in
comparable studies), which may have reduced
the incidence of severe pain events and con-
sequently attenuated observable correlations.
The modest sample size in that study may have
further limited its statistical power to detect
significant associations. In contrast, our investi-
gation specifically enrolled patients undergoing
thoracoscopic surgery, a procedure associated
with characteristically high postoperative pain
intensity, which enhanced our ability to detect
meaningful predictive relationships.

The existing literature presents some apparent
inconsistencies regarding the role of pupillary
parameters in pain prediction that warrant

7114

1.0 lary measurements in a care-
fully controlled environment
devoid of acute noxious stimu-
li, suggesting that baseline
pupillary characteristics may
reflect inherent neurological susceptibility to
pain development rather than simply repre-
senting reactive responses to immediate pain-
ful stimuli. An important physiological con-
sideration is that general anesthetic agents,
particularly propofol and opioids, significantly
suppress spontaneous pupillary oscillations
[18, 27]. Previous studies have shown that
higher pain levels within the first three days
post-surgery are associated with an increased
risk of chronic pain [28, 29]. Our findings high-
light that ADV serves as a predictor of the
chronicization of acute postoperative pain, fill-
ing a gap in research on pupil function and
chronic pain, providing new insights into pre-
dicting postoperative chronic pain.

The prediction of postoperative pain has
emerged as a critical focus in contemporary
surgical care, with extensive global research
dedicated to optimizing pain management out-
comes. Current evidence demonstrates that
postoperative pain development correlates
with multifactorial determinants, including pa-
tient-specific characteristics, surgical variables,
and anesthetic techniques [30, 31]. Establish-
ed demographic predictors include BMI, age,
gender, and prior pain history [32, 33], while
psychological factors such as pain catastroph-
izing, have been significantly associated with
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Table 8. Comparison of demographic and pupillometric parameters between patients with chroniciza-
tion and non-chronicization of acute postoperative pain

Non-chronicization of

Chronicization of

Variables Total (n = 37) acute Pain (n=15) acute Pain (n = 22) X/t P
BMI (kg/cm?) 23.85+3.42 24.25 + 3.88 23.65 £ 3.21 0.513 0.611
Age, years 57.57 + 7.65 55.73 £9.38 58.82 + 6.13 1.214 0.233
Maximum pupillary diameter 3.77 £0.83 3.71+£0.96 3.82+0.76 0.388 0.700
Minimum pupillary diameter 2.97 +0.74 3.09+0.78 2.89+0.72 0.802 0.428
Percentage change 0.21+£0.12 0.17 + 0.05 0.24 £ 0.14 1.851 0.073
Constriction latency 26.51 £ 2.29 26.40 + 2.10 26.59 + 2.46 0.244 0.808
ACV 1.79+0.84 1.59 +0.83 1.92+0.84 1.179 0.246
MCV 2.88 +1.44 2.63+1.26 3.04 £ 1.55 0.849 0.404
ADV 0.88 £ 0.28 0.74 £ 0.31 0.97 £ 0.22 2.644 0.010
T75 1.16 +1.00 1.00 £ 0.80 128 +1.12 0.833 0.411
Sex, n (%) 0.457 0.554
Male 20 (54.05) 7 (46.67) 13 (59.09)
Female 17 (45.95) 8 (53.33) 9 (40.91)
ASA, n (%) 0.256 0.613
Il 28 (75.68) 12 (80.00) 16 (72.73)
11 9 (24.32) 3(20.00) 6 (27.27)
History of smoking, n (%) 1.693 0.193
No 31 (83.78) 14 (93.33) 17 (77.27)
Yes 6 (16.22) 1(6.67) 5(22.73)
History of hypertension, n (%) 0.632 0.427
No 27 (72.97) 12 (80.00) 15 (68.18)
Yes 10 (27.03) 3(20.00) 7 (31.82)

Note: BMI: body mass index; ACV: average constriction velocity; MCV: maximum constriction velocity; ADV: average dilation

velocity; ASA: American Society of Anesthesiologists.

Table 9. Logistic regression analysis of chro-
nicization of acute postoperative pain

OR (95% Cl)
59.75 (1.81-1969.32)

Variables P
ADV 0.022

pain severity [34]. Various statistical method-
ologies have been employed to develop predic-
tive models, with machine learning algorithms
demonstrating particular utility in identifying
critical pain-associated variables through clini-
cal data analysis [35, 36]. These advanced
models enhance predictive accuracy while
facilitating personalized analgesic strategies
to improve postoperative recovery [37]. Re-
presentative studies analyzing 500+ patient
datasets have successfully identified predic-
tive physiological and psychological parame-
ters [38]. Our integrated predictive model com-
bining pupillometric indices with conventional
risk factors offers novel opportunities for tai-
lored analgesia and pain prevention.
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Expanding research across surgical specialties
reveals procedure-specific predictors of preop-
erative pain. For example, preoperative pain
scores and functional status significantly pre-
dict pain outcomes in joint arthroplasty [39,
40], while abdominal surgery outcomes corre-
late with preoperative anxiety, operative dura-
tion, and intraoperative blood loss [31]. These
findings highlight the need for further investiga-
tion into pupillometric parameters’ predictive
validity across diverse surgical procedures.
Concurrent advances in pain pathophysiology
have identified novel biomarkers, including
inflammatory mediators (TNF, IL-6) that contrib-
ute to pain pathogenesis [28, 33]. Systematic
monitoring of these biomarkers may facilitate
early identification of high-risk patients for tar-
geted intervention. Our current model warrants
expansion to incorporate additional variables,
including surgical duration, blood loss, and
cytokine profiles, to improve predictive robust-
ness while controlling for potential confound-
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rather than directly interpret-

2 ing them as precise multiples
. of risk. In the future, our find-
ings need to be validated
in larger prospective cohort
studies.

In addition, although we used
multivariable models to adjust
for underlying patient charac-
teristics, our study was limited
by our failure to include sever-
al key intraoperative variables
as covariates. These variables
included the specific type of
surgery (e.g., the difference
between lobectomy and wedge
resection), the duration of
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Figure 13. ROC curve for ADV in predicting chronicization of acute postop-

erative pain.

ers. These collective advances hold the poten-
tial to revolutionize pain management through
precision medicine approaches.

While our findings present several clinically rel-
evant insights, certain methodological limita-
tions should be recognized. The moderate
sample size, while adequate for our primary
analyses, may limit the generalizability of some
findings and suggests the need for larger-
scale validation studies. Pupillometric mea-
surements can be influenced by various envi-
ronmental factors, including ambient light con-
ditions, though we implemented rigorous pro-
tocols to minimize these potential confoun-
ders. As an observational study, our research
can identify statistically significant associa-
tions but cannot definitively establish causal
relationships - a limitation that future random-
ized controlled trials should address.

Of note, extremely high odds ratios (OR) and
extremely wide confidence intervals (Cl) were
observed when analyzing mean expansion
velocity (ADV) as a predictor of chronic postop-
erative pain and its chronicity. This statistical
phenomenon most likely reflects model insta-
bility caused by the small relative sample size
of chronic pain events in our study, particularly
events in the subgroup of chronic pain.
Therefore, we should be cautious in interpret-
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the procedure, and the total
amount of opioids consumed
during the procedure.

These factors are recognized

as critical in determining the
degree of surgical trauma, the intensity of the
inflammatory response, and the potential for
central sensitization, and a reasonable hypoth-
esis is that the more complex and time-con-
suming procedure itself may result in greater
physiological stress and sympathetic excitation
that can affect the pupil parameters measured
preoperatively. The associations we observed
between pupil parameters and postoperative
pain may have been partially influenced by the
confounding effects of these unmeasured vari-
ables. Therefore, the independent predictive
contribution of preoperative pupillometry that
we report may be overestimated and the effect
size may be affected by confounding factors.

Despite these limitations, our comprehensive
analyses provide compelling evidence that spe-
cific pupillary parameters, particularly the ADV
metric, show significant promise as clinically
accessible predictors of both acute and chronic
postoperative pain outcomes. These findings
contribute to the growing body of evidence sup-
porting the development of personalized, phys-
iologically-informed approaches to periopera-
tive pain management and risk stratification.

Conclusion

In summary, our study demonstrates that mini-
mum pupil diameter, contraction latency, ADV,
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along with age, ASA classification and gender
are independent predictors of acute postopera-
tive pain. Specifically, ADV has been validated
as an independent predictor for both acute and
chronic pain following thoracoscopic surgery.
The clinical prediction model developed from
these variables demonstrates moderate pre-
dictive efficacy for acute postoperative pain.
These pupillometric parameters enable anes-
thesiologists to more accurately anticipate and
manage postoperative pain, potentially improv-
ing patient outcomes and quality of life.
However, further research is warranted to
address the limitations of this study and to
more precisely define the role of pupillometry in
comprehensive pain management strategies.

Clinical perspectives

Despite the remarkable advancements in peri-
operative medicine, the management of post-
operative pain remains a formidable and intri-
cate clinical challenge. The transition from
acute to chronic pain, particularly in the context
of surgical procedures, significantly impairs
patients’ recovery and quality of life. In recent
years, pupillometry has emerged as a promis-
ing tool in perioperative pain management,
offering novel insights into pain quantifica-
tion, opioid effect monitoring, and analgesic
response assessment.

This study extends the current body of knowl-
edge by specifically investigating whether pre-
operative pupillary variables can serve as pre-
dictive indicators for postoperative pain. Our
findings not only support the utility of pupillom-
etry in predicting acute postoperative pain but
also establish ADV as a key independent pre-
dictor of both chronic postoperative pain and
the chronicization of acute postoperative pain.

By incorporating pupillary indicators into pre-
operative assessments, anesthesiologists can
predict and manage postoperative pain more
effectively. This provides valuable guidance
for alleviating postoperative discomfort and
improving the efficacy of pain prediction and
intervention strategies.
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