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Purpose: Circadian rhythms regulate pain perception and drug metabolism, but their influence on intraoperative opioid requirements
remains unclear. This study investigates how surgery timing is associated with intraoperative opioid use.

Patients and Methods: This cohort study enrolled patients undergoing laparoscopic cholecystectomy under general anesthesia at
China-Japan Friendship Hospital. Patients were grouped into morning (08:00—12:00) or afternoon (14:00—18:00) groups according to
surgery start time. Anesthesia was maintained with sevoflurane and sedation depth was monitored by bispectral index (BIS). Sufentanil
was titrated by surgical pleth index (SPI) for analgesia. The primary outcome was sufentanil consumption. Secondary outcomes
included plasma sufentanil, cortisol, ACTH and IL-6 concentrations, post-operative pain scores, extubation time, Aldrete scores, post-
operative nausea and vomiting (PONV), length of PACU stay and rescue analgesia.

Results: 45 patients were enrolled with 24 assigned to the morning group and 21 to the afternoon group. Both groups achieved
effective intraoperative sedation and analgesia with no significant differences in vital signs, BIS or SPI. However, the morning group
required higher total sufentanil doses (47.50 £ 12.31 vs 36.12 + 9.98 pg, p = 0.002), and normalized unit doses (0.52 £ 0.12 vs 0.39 +
0.10 pg/kg/h, p < 0.001), compared to the afternoon group. Cortisol and ACTH levels in the morning group were elevated at all time
points (all p < 0.001), whereas postoperative IL-6 levels only increased mildly (p = 0.008). Plasma sufentanil concentrations were
higher in the morning group both 5 minutes after incision (2.75 [0.76-4.67] vs 0.83 [0.59-1.58] ng/mL, p = 0.027) and at the end of
surgery (0.90 [0.38-1.57] vs 0.31 [0.22-0.54] ng/mL, p = 0.005).

Conclusion: In this selected cohort, morning surgery was associated with higher intraoperative sufentanil requirements. These
findings are consistent with a possible time-of-day influence on intraoperative opioid needs and may reflect circadian neuroendocrine
variation.
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Introduction
Pain management is a crucial aspect of perioperative care, as inadequate control can adversely affect recovery and patient
outcomes.'” While surgical trauma is a major cause of perioperative pain, individual differences in pain perception
further complicate its management.> For instance, women often report greater pain sensitivity than men, while older
people may perceive pain less intensely than younger individuals.*”” Such variations highlight the need for personalized
approaches to pain management strategies to prevent opioid misuse and mitigate risks of inappropriate use.®

Opioids currently remain the cornerstone of perioperative analgesia, with anesthesiologists administering them during
surgery to attenuate pain responses and reduce stress responses.” However, opioid requirements vary widely between
patients and are influenced by factors such as age, body mass index (BMI), psychological status and genetic polymorph-
isms, including those affecting the p-opioid receptor gene.*'® While these patient-specific determinants of opioid
sensitivity are well documented, emerging evidence suggests that temporal factors governed by circadian rhythms may

also significantly influence opioid efficacy and requirements.'''?
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Circadian rhythms, regulated by the suprachiasmatic nucleus (SCN), orchestrate various physiological processes,
including pain perception and drug metabolism.'*'® These rhythms affect neurotransmitter activity, pain thresholds, and
hepatic enzyme function, including cytochrome P450 (CYP450), which is essential for opioid metabolism.'® Such time-
dependent variations suggest that analgesic effects may fluctuate throughout the day, adding another layer of complexity
to perioperative pain management.'’

Recent studies have demonstrated significant diurnal variations in opioid efficacy, with different analgesic effects
depending on the time of administration.'*"'®!'” For example, work by Gan et al identified such temporal differences in
the context of post-operative pain management. Their matched observational study found that opioids such as sufentanil,
dezocine and tramadol showed a better analgesic effect in the morning than in the afternoon, likely due to diurnal
variations in pain sensitivity and drug metabolism.'® These findings highlight the importance of considering time of day
when designing perioperative analgesic protocols. However, available evidence is derived from the postoperative setting,
and whether similar time-dependent differences exist in intraoperative opioid requirements remains unclear. The
intraoperative environment differs substantially from the postoperative period because anesthetic depth, unconscious
nociceptive processing, surgical stimulation, drug interactions, fluid shifts, and organ perfusion may all influence opioid
pharmacodynamics and analgesic requirements.”*>* Moreover, the reported analgesic levels in Gan et al were based on
patients’ subjective perceptions, which may introduce bias. Under anesthesia, patients cannot actively report pain,
necessitating more objective pain assessment methods. Therefore, objective nociception-guided assessment may provide
a more appropriate approach for evaluating intraoperative analgesic requirements.

To address this gap, our study investigated whether the timing of surgery was associated with intraoperative opioid
requirements, aiming to explore a possible role of circadian rhythm-related factors in perioperative pain management. In
this study, intraoperative analgesia was guided by the surgical pleth index (SPI), an objective nociception monitoring tool
that has been used to guide opioid titration during general anesthesia.”> By focusing on SPI-guided intraoperative opioid
administration, this study aimed to explore a possible time-of-day influence on intraoperative opioid requirements and to
provide preliminary evidence for more individualized perioperative analgesic management.

Materials and Methods

Registration and Ethical Approval

Ethical approval was obtained from the Ethics Committee of China-Japan Friendship Hospital (CJFH), Beijing, China,
with reference number 2024-KY-148-1 on 20 May, 2024. The study was registered in the Chinese Clinical Trial Registry
(ChiCTR2400089115). The study was conducted in accordance with the Declaration of Helsinki.

Study Population

This prospective cohort study was conducted at the CJFH between 28 August, 2024 and 6 December, 2024 to investigate
the effect of diurnal variation on intraoperative opioid requirements during laparoscopic cholecystectomy. Written
informed consent was obtained from all participants after the study objectives, procedures, risks and benefits were
explained.

Sample Size
As a cohort study, the sample size in each group was determined based on the difference between the means of two
groups. Sample size was calculated using the following formula:
(Za+2Z5)" x (2 + 82)
2
(1 = 2)

As our previous preliminary experiment data suggesting, the sufentanil consumption was 0.532 + 0.097 pg/kg/h in the
morning group and 0.406 + 0.081 pg/kg/h in the afternoon group. Given a two-sided significance level of 0.05 (o) and
a power of 0.9, our calculations suggest a minimum of 21 patients should be enrolled in each group.
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Data Collection

Patients scheduled to undergo laparoscopic cholecystectomy under general anesthesia were screened using predefined
inclusion and exclusion criteria. After obtaining informed consent, information including demographic data, current and
past medical history, relevant investigations and medication history were collected. This information was then entered
and stored in the Epidata database.

Anesthetic Induction and Perioperative Management

This study followed a standardized protocol for anesthetic induction and intraoperative management to ensure
consistency across patients. Patients were required to fast for 8 hours and refrain from fluids for 2 hours prior to
surgery. Patients were assessed for dehydration or hypoglycemia if fasting exceeded 10 hours or abstaining from
liquids for more than 4 hours, and management was adjusted as necessary. On admission to the operating theatre,
peripheral intravenous access was established, and routine monitoring was initiated, including electrocardiography
(ECQ), non-invasive blood pressure, pulse oximetry, bispectral index (BIS), end-tidal carbon dioxide (EtCO,), body
temperature, and SPI. In addition, baseline heart rate (HR) and mean arterial pressure (MAP) were measured in
a static environment three consecutive times, with the results averaged to establish a benchmark for subsequent
comparisons.

Anesthesia was induced with a combination of 1.5-2.0 mg/kg of propofol, 0.2 pug/kg of sufentanil, and 0.6 mg/kg of
rocuronium, with all doses calculated based on actual body weight. Intubation was performed 3—5 minutes after drug
administration, followed by mechanical ventilation with a tidal volume of 6 mL/kg, a respiratory rate of 12 breaths
per minute, and an oxygen concentration of 40%. Ventilation parameters were adjusted as needed to maintain EtCO,
levels between 35 and 45 mmHg.

During surgery, anesthesia was maintained with 2-3% sevoflurane titrated to a minimum of 0.7 MAC to maintain
a BIS between 40 and 60. Inhaled anesthetic concentration was adjusted if BIS exceeded 60 or fell below 40. Muscle
relaxation was achieved with 0.1-0.2 mg/kg rocuronium, administered hourly or as required on the basis of 2-3
responses to train-of-four stimulation. Hemodynamic events were recorded and the infusion rate of lactated Ringer’s
solution (baseline rate: 5—10 mL/min) was adjusted according to surgical blood loss and blood pressure. In addition, body
temperature was continuously monitored during surgery, and thermal insulation measures such as warm blankets or
warmed fluids were used to maintain a temperature of >36°C in patients at risk of hypothermia. Perioperative manage-
ment of special events is detailed in the Supplementary Appendix S1.

Before the end of surgery, all patients received 5 mg of dexamethasone to minimize the risk of postoperative nausea
and vomiting (PONV). Sugammadex 2—4 mg/kg was administered postoperatively to reverse neuromuscular blockade.
Extubation was performed when the patient regained consciousness, demonstrated the ability to cooperate, opened their
eyes and achieved sufficient muscle strength (TOFR >0.9).

Pain Management

Intraoperative pain was managed using the SPI as a guide. SPI values were continuously monitored and maintained
between 20 and 50. If SPI exceeded 50 for 1 minute, 0.1 pg/kg of sufentanil was administered. If it remained above 50
after 5 minutes, an additional dose of 0.1 pg/kg sufentanil was administered. To simplify dosing, amounts were rounded
to the nearest multiple of 0.5 pg based on patient weight (eg, 5 pg, 5.5 pg, 6 pug, 6.5 pg).

Before the end of surgery, all patients received 50 mg of flurbiprofen for postoperative pain relief. After surgery,
patients were assessed in the post-anesthesia care unit (PACU) using the numeric rating scale (NRS) at 15 minutes after
arrival and before discharge. Patients with an NRS score of 4 or higher received rescue analgesia with 0.1 pg/kg of
sufentanil.

Outcome Measures

The primary outcome of this study was intraoperative total sufentanil consumption, also measured as dosage per unit
time and weight. Secondary outcomes included postoperative pain assessed using the NRS at specific time points: upon
entering the PACU, at 15 minutes and departure from the PACU, and on postoperative days (POD) 1 and 2. Other
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secondary outcomes were plasma measurements of sufentanil concentration, cortisol, ACTH, and IL-6; extubation time
(defined as the interval from the end of anesthesia to tracheal tube removal); Aldrete scores 15 minutes after PACU entry;
the use of rescue analgesics; length of PACU stay; and the incidence of PONV, recorded in the PACU and on PODI.

Patients’ vital signs were recorded at baseline, 1 minute after induction, at the end of intubation, 5 minutes post-
intubation, at the start of surgery, every 10 minutes during surgery, at extubation, and upon PACU discharge. For research
purposes, 5 mL venous blood samples were collected at three specific time points: before induction of anesthesia in the
operating theatre, 5 minutes after skin incision, and at the end of surgery. Samples were stored in a biobank for
subsequent analysis of plasma cortisol, ACTH, and IL-6 levels at these three time points, as well as blood sufentanil
concentrations at 5 minutes after skin incision and at the end of surgery.

Statistical Analysis

Baseline characteristics, including demographic information, were compared between morning and afternoon groups.
Continuous variables such as intraoperative sufentanil consumption, time to extubation and PACU length of stay were
assessed for normality. Normally distributed data were summarized as mean + standard deviation (SD) and compared
using independent samples #-tests, while non-normally distributed data were presented as median (interquartile range)
and analyzed using the Mann—Whitney U-test. Categorical variables, such as PONV, and the proportion of patients
requiring postoperative analgesia, were analyzed using the chi-squared test or Fisher’s exact test, depending on sample
size and expected frequency. Time-dependent variables, such as NRS scores at different time points, were analyzed using
repeated measures ANOVA for normally distributed data or the Friedman test for non-parametric data. Additionally,
multivariable linear regression models were used to evaluate potential factors and their interactions influencing primary
outcome indicators such as age and gender. All significance tests were two-sided, and a p value less than 0.05 was
considered statistically significant. Statistical analysis was performed using R software.

Results

A total of 45 patients were enrolled in this study at CJFH between August 28 2024 and December 6 2024. Based on their
surgery start time, 24 patients were assigned to the morning group and 21 to the afternoon group. The screening and data
collection process is illustrated in Figure 1.

Baseline Characteristics

As shown in Table 1, the baseline characteristics of the two groups were comparable. The mean age was 46.66 = 12.46
years old for the morning group and 47.00 + 12.49 years old for the afternoon group (p = 0.929). The mean weight was
68.92 + 9.53 kg and 68.52 + 11.30 kg, respectively, with corresponding BMI values of 24.59 + 2.59 kg/m? and 24.17 +
2.61 kg/m? (p =0.779 and p = 0.591, respectively). The proportion of male patients was 45.8% in the morning group and
47.6% in the afternoon group (p = 0.905). All patients were classified as ASA 1 or II, with 20 (83.3%) in the morning
group and 18 (85.7%) in the afternoon group being ASA II (p > 0.999).

The intraoperative baseline information was basically consistent between the two groups (Also shown in Table 1).
The mean anesthesia duration was 82.29 + 25.45 minutes for the morning group and 82.71 + 14.31 minutes for the
afternoon group, with corresponding surgery durations of 60.13 + 25.94 minutes and 60.19 £+ 12.68 minutes (p = 0.947
and p = 0.991, respectively). During surgery, there were no significant differences in baseline circulatory values between
the two groups, with all p-values greater than 0.05. Figure 2A presents an overview of the trends in vital signs for
patients, including MAP, body temperature, and HR. Hypertension without an SPI greater than 50 occurred in 3 patients
in the morning group (12.5%) and 2 patients in the afternoon group (9.5%), showing no statistical significance (p >
0.999). Hypotension was more common, affecting 12 patients in both groups (50.0% in the morning group and 57.1% in
the afternoon group, p = 0.632). The mean doses and total doses of ephedrine were slightly higher in the morning group
than in the afternoon group, but the differences were not statistically significant. No significant differences were observed
between the groups in the mean minimum and maximum intraoperative body temperatures or in the mean pre- and
postoperative blood glucose levels (shown in Table 1).
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Figure | Flowchart of the study.

The BIS and SPI values during surgery are shown in Figure 2B and C. Due to variations in the duration of surgery,
approximately half of the patients remained after 50 minutes, so the figures only show data up to 40 minutes. Data from
40 minutes to extubation were collected and analyzed, but showed no significant differences between the two groups at
any time.

Primary Outcome

For the primary outcome measure, intraoperative opioid consumption is detailed in Table 2. The total doses of sufentanil
were significantly higher in the morning group (47.50 + 12.31 ug) compared to the afternoon group (36.12 + 9.98 ug, p =
0.002), indicating a potential diurnal variation in opioid requirements. When normalized by anesthesia duration and
patient weight, the mean unit doses of sufentanil were also significantly higher in the morning group (0.52 = 0.12 pg/kg/h
vs 0.39 + 0.10 pg/kg/h, p < 0.001).

Secondary Outcomes
The concentrations of sufentanil, cortisol, ACTH, and IL-6 at different time points during surgery are shown in Table 3. The
morning group had significantly higher plasma sufentanil concentrations 5 minutes after skin incision (2.75 [0.76—4.67] ng/mL
vs 0.83 [0.59-1.58] ng/mL, p = 0.027) and at the end of surgery (0.90 [0.38-1.57] ng/mL vs 0.31 [0.22-0.54] ng/mL, p =
0.005), corresponding to their higher intraoperative opioid consumption. Similarly, cortisol and ACTH levels were signifi-
cantly elevated in the morning group at all three time points: before induction, 5 minutes after skin incision and at the end of
surgery (all p values <0.001). IL-6 levels did not differ significantly between groups before induction (p = 0.213) or 5 minutes
after skin incision (p = 0.068). At the end of surgery, the morning group had slightly higher IL-6 levels (44.77 + 5.59 pg/mL vs
40.32 + 5.00 pg/mL, p = 0.008), but the difference, although statistically significant, was modest and may have limited clinical
relevance.

Postoperative outcome measures are summarized in Table 4. Extubation time was slightly longer in the morning
group (8.00 [6.00-8.75] minutes) than in the afternoon group (7.00 [6.00-8.00] minutes), but this difference was not
statistically significant. NRS scores at all time points assessed showed no significant differences between groups.
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Figure 2 Fluctuations in vital signs of patients during surgery. This figure illustrates the intraoperative changes in vital signs and monitoring parameters for patients in the morning
and afternoon groups. As approximately half of the surgeries were completed within 50 minutes, data beyond 40 minutes into surgery are incomplete. Therefore, intraoperative
data are presented only up to 40 minutes. (A) The line graph shows the mean values of mean arterial pressure (MAP), heart rate (HR) and body temperature for the two groups.
(B and C) show the variations in bispectral index (BIS) and surgical pleth index (SPI) during surgery for both groups. The dashed lines show the individual patient trends within each
group, while the solid lines show the average trends for each group. The shaded areas around the solid lines, corresponding to the color of each group (purple for the morning group
and red for the afternoon group), represent the standard deviation. No statistically significant differences in vital signs were observed between the two groups at any time point.
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Table | Baseline Characteristics of Two Groups of Patients

Morning Group (n = 24) | Afternoon Group (n = 21) P

Age (years) 46.66 * 12.46 47.00 £ 12.49 0.929
Male (%) 11 (45.8) 10 (47.6) 0.905
Weight (kg) 68.92 + 9.53 68.52 + 11.30 0.779
BMI (kg/m?) 24.59 £ 2.59 24.17 £ 2.6l 0.591
ASA Il (%) 20 (83.3) 18 (85.7) >0.999
Baseline of circulation system

HR (bpm) 70.04 £ 10.49 70.05 £ 10.79 0.999

SBP (mmHg) 129.71 £ 15.44 130.43 + 14.20 0.872

DBP (mmHg) 81.00 + 10.52 80.00 + 7.27 0.716

MAP (mmHg) 96.71 £ 1233 96.71 + 843 0.999
Intraoperative circulation stability

Hypertension (n (%)) 3 (12.5) 2 (9.5) >0.999

Hypotension (n (%)) 12 (50.0) 12 (57.1) 0.632
Intraoperative vasoactive drugs

Ephedrine administration frequency 1 (0-1) 1 (0-1) 0.601

Ephedrine total dose (mg) 6 (0-6) 6 (0-6) 0.845

Norepinephrine total dose (ug) 0 (0-0) 0 (0-0) 0.662
Minimum temperature (°C) 36.05 (36.00-36.38) 36.05 (36.00-36.15) 0.926
Maximum temperature (°C) 36.72 £ 0.36 36.76 £ 0.42 0.756
Blood glucose before surgery (mmol/L) 5.65 (4.80-6.15) 5.40 (4.70-6.10) 0.909
Blood glucose at the end of surgery (mmol/L) 6.51 + 1.52 6.57 = 1.12 0.884
Operation duration (min) 60.13 + 25.94 60.19 + 12.68 0.991
Anesthesia duration (min) 82.29 + 2545 82.71 + 1431 0.947

Note: Data are presented as mean * standard deviation, medians (25th - 75th percentile) or n (%).
Abbreviations: BMI, Body Mass Index; ASA, American Society of Anesthesiologists; HR, heart rate; SBP, systolic blood pressure; DBP,
diastolic blood pressure; MAP, mean arterial pressure.

Table 2 Intraoperative Sufentanil Consumption

Morning Group (n = 24) | Afternoon Group (n = 21) P

Total sufentanil consumption (ug) 47.50 + 12.31 36.12 + 9.98 0.002
Unit consumption of sufentanil (ug/kg/h) 0.52 + 0.12 0.39 £ 0.10 <0.001

Note: Data are presented as mean * standard deviation (SD).

Postoperative pain control was effective with only one patient in the morning group requiring rescue analgesia (4.1% vs
0%, p > 0.999). All patients achieved full recovery (Aldrete score of 10) within 15 minutes of entering the PACU. The
incidence of PONV was higher in the morning group both in the PACU (29.17% vs 9.52%, p = 0.143) and on
postoperative day 1 (20.83% vs 9.52%, p = 0.422), but these differences were not statistically significant. Mean
PACU length of stay was also similar between groups (29.58 + 5.50 vs 27.86 + 3.73 minutes, p = 0.232).

Exploratory Subgroup Analysis

Table S1 presents an exploratory subgroup analysis comparing morning and afternoon groups stratified by sex. This
analysis was not powered to detect subgroup-specific or interaction effects and should therefore be interpreted as
hypothesis-generating. In terms of baseline information, we analyzed five variables: age, weight, BMI, operation duration
and anesthesia duration. Within female or male no statistically significant differences were observed between the two
groups, with all p-values exceeding 0.05. However, a significant difference of dose of sufentanil emerged between the
morning and afternoon groups used in female patients (45.81 + 12.00 ug vs 33.00 = 5.72 pg, p = 0.003). Among male
patients, a slight difference was also noted, although the p-value was close to our predefined statistical significance
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Table 3 Concentration of Plasma Cortisol, ACTH, IL-6 and Sufentanil at Different Time

During Surgery

Morning Group (n = 24) | Afternoon Group (n = 21) p

Plasma sufentanil (ng/mL)

5 minutes after incision 2.75 (0.76—4.67) 0.83 (0.59-1.58) 0.027

End of surgery 0.90 (0.38-1.57) 0.31 (0.22-0.54) 0.005
Plasma cortisol (nmol/L)

Before induction 57.72 + 4.64 48.87 + 4.31 <0.001

5 minutes after incision 89.19 (85.57-95.84) 72.68 (66.64-85.84) <0.001

End of surgery 66.54 (63.21-79.56) 56.75 (52.85-62.27) <0.001
Plasma ACTH (pg/mL)

Before induction 59.63 £ 9.16 46.76 + 10.60 <0.001

5 minutes after incision 89.52 + 9.69 75.63 + 10.74 <0.001

End of surgery 7478 £ 8.71 61.02 + 9.82 <0.001
Plasma IL-6 (pg/mL)

Before induction 3389 +5.13 31.65 + 6.72 0.213

5 minutes after incision 5122 + 553 48.10 £ 5.61 0.068

End of surgery 44.77 £ 5.59 40.32 + 5.00 0.008

Note: Data are presented as mean * standard deviation (SD) or medians (25th - 75th percentile).
Abbreviations: ACTH, adrenocorticotropic-hormone; IL-6, interleukin 6.

Table 4 Postoperative Recovery After Surgery of Two Groups

Morning Group (n = 24) | Afternoon Group (n = 21) P

Duration to extubation (min) 8.00 (6.00-8.75) 7.00 (6.00-8.00) 0.282
NRS after surgery

Entering PACU I (1-1) I (1-1) 0.612

PACU [5min I (1-2) 2 (1-2) 0.801

Discharge of PACU 2 (1-2) 2 (1-2) 0.840

Id after surgery 2 (1-3) 2 (1-2) 0.660

2d after surgery 1.5 (1-2) 2 (1-2) 0.879
PACU Aldrete Score 10 (10-10) 10 (10-10) /
Rescue analgesia in PACU (%) I (4.17%) 0 (0) >0.999
PONYV after surgery

In PACU 7 (29.17) 2 (9.52) 0.143

Id after surgery 5 (20.83) 2 (9.52) 0.422
Length of PACU stay (min) 29.58 + 5.50 27.86 = 3.73 0.232

Note: Data are presented as mean # standard deviation (SD), n (%) or medians (25th - 75th percentile).
Abbreviations: NRS, numerical rating scale; PACU, post-anesthesia care unit.

threshold (49.50 £ 12.95 ug vs 39.55 + 12.65 pg, p = 0.091). Upon standardizing the sufentanil dosage based on
operation duration and weight for both genders, significant differences were found in both female and male between the
morning and afternoon groups. Specifically, female patients showed a difference of 0.51 = 0.12 pg/kg/h vs 0.39 £
0.07 png/kg/h (p = 0.010), while male patients exhibited a difference of 0.55 + 0.13 pg/kg/h vs 0.39 £ 0.12 ng/kg/h (p =
0.012).

Multivariable Analysis
Table S2 summarizes the results of our multivariable analysis with linear regression. As we have adjusted for weight and
anesthesia duration when calculated unit sufentanil consumption. In this regression, we included age and gender, which

have potential correlations with pain and opioid consumption, to ascertain the relevance of these variables to the
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outcomes. The table reveals that neither gender nor age showed a significant correlation with either the total sufentanil
consumption or the unit sufentanil consumption in the multivariate analysis (p > 0.05 for all variables).

Discussion
This observational cohort study demonstrates a significant time-of-day variation in intraoperative opioid requirements, with
higher sufentanil doses required for morning surgery compared with afternoon surgery. These findings highlight the influence
of temporal factors on surgical analgesia and provide new insights into the interplay between circadian rhythms, nociception
and drug metabolism in the intraoperative setting. This underscores the importance of objective patient monitoring and
assessment in reducing opioid misuse through more precise and individualized pain management strategies.

Pain perception is a subjective and complex phenomenon influenced by various factors such as gender, age, and
analgesic methods.>** Previous studies have shown that circadian rhythms impact hyperalgesia and postoperative opioid

use.18,25728

this study extends this understanding to the intraoperative setting. This study extends these findings to the
intraoperative period, highlighting the importance of incorporating circadian biology into anesthetic protocols. For
example, morning surgeries may benefit from proactive strategies to counteract heightened stress responses and hormonal
fluctuations, such as optimized opioid dosing or the use of multimodal analgesia. Conversely, afternoon surgeries may
require interventions to address potential hyperalgesia. Personalized analgesic strategies based on temporal factors could
reduce the risk of over- or undermedication, thereby improving both safety and efficacy.

To minimize bias, this study used the SPI as an objective nociception tool,>*=*® along with rigorous control of
potential confounders such as blood glucose, body temperature, and fluid volume.>* Similarly, strict preoperative fasting
requirements were imposed on all patients. However, due to the large patient volume and the difficulty of accurately
determining surgical start times eight hours in advance, some patients inevitably experienced fasting durations longer
than prescribed. This may introduce bias, as hunger has been shown to affect pain tolerance and analgesic equivalency.>'~
33 To ensure consistency, all patients were placed in the same Trendelenburg surgical position, a posture known to
influence SPI values but applied uniformly across groups. Although the incidence of PONV was similar between groups,
more patients in the morning cohort experienced PONV in the PACU, possibly due to higher doses of sufentanil, a known
risk factor. In addition, exploratory subgroup and multivariable analyses were conducted to assess whether sex or age
might influence sufentanil consumption. However, these analyses were not powered to detect subgroup-specific or
interaction effects and should be interpreted cautiously.

The consistently elevated cortisol and ACTH levels observed in the morning group are likely to play a key role in
shaping the observed diurnal variation. Cortisol, a key circadian hormone, is known to suppress descending inhibitory
pain pathways and enhance nociceptive processing, potentially lowering pain thresholds during morning surgery.**->
Additionally, elevated cortisol levels may exacerbate stress responses through increased sympathetic arousal, further
contributing to higher opioid requirements.**>’ In contrast, inflammatory markers such as IL-6, although statistically
higher in the morning group postoperatively, demonstrated only modest differences between groups. This disparity,
alongside the more pronounced elevations in cortisol and ACTH, suggests that hormonal fluctuations, rather than
inflammatory responses, are the primary drivers of the observed variations in intraoperative opioid requirements.
Taken together, these findings suggest that circadian rhythm-related neuroendocrine variation may partly contribute to
the observed time-of-day difference in intraoperative opioid requirements, although causality cannot be established from
this observational study.

Although plasma drug concentrations do not directly reflect analgesic efficacy or patient demand, the observa-
tion that morning group patients had nearly threefold higher plasma sufentanil concentrations than afternoon group
patients, despite only around 20% difference in total dose, represents a major discrepancy that warrants mechan-
istic consideration. The clearance of sufentanil is primarily dependent on hepatic blood flow and intrinsic
metabolic capacity. Despite similar intraoperative blood pressure between the morning and afternoon groups,
blood flow dynamics cannot explain the observed differences in plasma levels or opioid efficacy.>® While circadian
rhythms regulate hepatic enzyme activity, such as CYP450, which may accelerate metabolism in the morning, the
higher plasma concentrations observed in the morning group suggest that altered drug distribution, rather than
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metabolic differences, is the more likely cause. The lipophilicity of sufentanil results in significant variability in
tissue distribution, which may be modulated by circadian factors and individual patient characteristics.

In addition, central mechanisms are likely to be critical in explaining the differences in opioid requirements between the
groups, although the current data do not provide direct evidence. Circadian fluctuations in cortisol may affect blood-brain
barrier permeability, receptor sensitivity, and drug bioavailability within the CNS, potentially limiting p-opioid receptor
activation in the morning despite higher plasma concentrations.***° However, these central mechanisms remain speculative
at this stage, as no direct measurements of blood-brain barrier function or receptor sensitivity were performed. These findings
underscore the complex interplay between circadian rhythms, drug distribution, and receptor dynamics, and highlight the
need for further research into the central and systemic mechanisms influencing opioid efficacy.*'**

This study has several limitations. First, because this was an observational study rather than a randomized trial,
residual confounding could not be fully eliminated. Preoperative stress, individual chronotype, sleep-wake patterns,
daily routines, and fasting-duration variation were not fully assessed and may have influenced cortisol levels and
opioid requirements. Second, the single-center design and relatively small sample size may limit generalizability.
This cohort included selected adult ASA I-II patients undergoing elective laparoscopic cholecystectomy; therefore,
the findings should not be directly generalized to elderly patients, patients with obesity, ASA III-IV patients,
emergency procedures, open-conversion cases, or major/prolonged surgical populations. Third, resource constraints
prevented direct measurement of liver enzyme activity, tissue distribution, free drug concentrations, or other
pharmacokinetic parameters, which limits mechanistic interpretation of the plasma sufentanil findings. The proposed
explanations involving altered drug distribution or central mechanisms therefore remain speculative. Finally, the
exclusion of nocturnal surgery limited the analysis to daytime rhythms, leaving the effects of night-time surgery
unexplored.

Conclusion

In conclusion, this study shows that intraoperative opioid requirements varied with the time of day in selected
patients undergoing laparoscopic cholecystectomy, with higher sufentanil requirements observed during morning
surgery than during afternoon surgery. This variation was consistent with concurrent differences in cortisol and
ACTH levels and may reflect a possible association between intraoperative opioid requirements and circadian
rhythm-related neuroendocrine variation. These findings suggest that surgery timing may be considered as
a potential factor in individualized perioperative analgesic management, although further studies are needed to
clarify the underlying mechanisms and clinical applicability.
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