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Purpose: Postoperative pain significantly impairs recovery in elderly patients. Oxycodone is widely used in the postoperative period
due to its favorable safety profile and low risk of respiratory depression. To determine the minimum effective dose of intravenous
oxycodone, administered in combination with postoperative patient-controlled intravenous analgesia, that achieves at least 90%
efficacy in elderly patients undergoing video-assisted thoracoscopic surgery.

Patients and Methods: We enrolled participants aged 65 and older who underwent thoracoscopic lobectomy. Oxycodone was
administered 30 minutes before the completion of the surgical procedure. The initial dose was 0.02 mg/kg. Subsequent dose adjustments
were determined based on the previous patient’s response using a biased coin design. The dose interval was 0.01 mg/kg. A positive response
was defined as an NRS score < 3 at cough 2 hours postoperatively. The study was terminated after 45 successful responses. Secondary
endpoints included postoperative pain assessed at various time points up to hospital discharge, adverse events, sedation levels, and the
occurrence of chronic pain during the postoperative period.

Results: A total of sixty patients were enrolled. Among elderly patients undergoing elective VATS with multimodal analgesia, the
ED90 of oxycodone was 0.104 mg/kg (95% CI: 0.095-0.108 mg/kg). The supplementary analysis focused on patients who received at
least 0.09 mg/kg of oxycodone. After adjusting for imbalanced baseline characteristics, the incidence of chronic pain in the 0.09 mg/kg
dose group was significantly higher than in the 0.10 mg/kg dose group (P = 0.007).

Conclusion: For thoracoscopic lobectomy in elderly individuals aged >65 years, the ED90 of oxycodone was 0.104 mg/kg (95% CI:
0.095-0.108 mg/kg).
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Introduction

The incidence of lung cancer in the elderly population has been steadily increasing, accounting for 66.7% of all newly
diagnosed cases."* According to the World Health Organization (WHO), lung cancer is the leading cause of cancer-
related mortality and a major contributor to cancer incidence worldwide, accounting for 26% of all cancer-related
deaths.® As a result, thoracoscopic lobectomy has become the preferred surgical approach for lung cancer treatment, with
the number of procedures steadily increasing. However, thoracoscopic surgery is associated with significant postoperative
pain. Inadequate pain control not only increases the risk of adverse events, such as postoperative pulmonary complica-
tions and delirium, but may also contribute to the development of chronic pain, thereby substantially impairing the
patient’s quality of life.*

Oxycodone, an agonist of both p and « opioid receptors, exerts potent analgesic effects, particularly in the treatment
of neuropathic and visceral pain. It has a rapid onset of action, with analgesia beginning within 2 to 3 minutes after
intravenous administration and reaching peak effect at 5 minutes.” Studies have shown that, compared to other opioid
medications, low-dose oxycodone has minimal hemodynamic impact in elderly patients, demonstrating superior
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cardiovascular and respiratory safety.® Furthermore, oxycodone does not induce histamine release and lacks parasympa-
thetic inhibitory effects, thereby facilitating early recovery in postoperative patients. It is particularly well-suited for pain
management during the perioperative period of thoracoscopic surgery in elderly patients.”

Additionally, studies have shown that hepatic and renal function progressively decline with advancing age in elderly
patients.>* On this basis, age-related alterations in the pharmacokinetic and pharmacodynamic profiles of oxycodone are
observed in elderly patients, which may result in increased drug sensitivity. To achieve effective perioperative analgesia
while minimizing the risk of potential adverse effects, it is essential to individualize dosing strategies for elderly patients.
This dose optimization holds significant clinical implications and is crucial for ensuring both the safety and therapeutic
efficacy of analgesic regimens in this vulnerable population.

The Dixon up-and-down method (UDM) is widely used to estimate the median effective dose (ED50) of a drug.
However, for anesthesiologists, the clinically more relevant objective is to determine the optimal effective dose (ED90).
The biased coin design (BCD) for directly estimating ED90 is considered to provide superior estimation accuracy and
methodological advantages, thereby enhancing its suitability for determining the optimal dose in perioperative analgesia
and anesthetic interventions.® '? Therefore, this study aims to use the statistically robust BCD to determine the ED90 of
oxycodone in perioperative multimodal analgesia for patients aged 65 and older undergoing thoracoscopic lobectomy,
with the goal of improving patient satisfaction and reducing the incidence of adverse events.

Materials and Methods
Study Design and Participant Methods

This double-blind, sequentially allocated trial was approved by the Ethics Committee of Shengjing Hospital, China
Medical University (approval number: 2023PS023K; principal investigator: Xiaoyu Ma; approval date: 11 January 2023)
and registered with the Chinese Clinical Trial Registry (ChiCTR2300071956). Written informed consent was obtained
from all participants before enrollment, and the study was conducted in full accordance with the ethical principles
outlined in the Declaration of Helsinki.

After obtaining written informed consent, we enrolled patients who underwent unilateral selective thoracoscopic
lobectomy at Shengjing Hospital, China Medical University, from June to December 2023. Inclusion criteria were age >
65 years, ASA classification 1-3, and body mass index between 18.5 and 28.0 kg/m?. Exclusion criteria included asthma
or other respiratory diseases; premedication use; known allergy or hypersensitivity to study medications; history of
chronic pain; significant cardiopulmonary, hepatic, or renal disease; cognitive impairment; inability or unwillingness to
provide informed consent; and premature discontinuation of the study protocol, including unexpected conversion from
minimally invasive thoracic surgery to open thoracotomy, withdrawal of consent, or postoperative admission to the
intensive care unit (ICU) for prolonged mechanical ventilation.

Randomization and Blinding

All study medications were prepared by a non-blinded investigator who was not involved in anesthesia administration,
perioperative management, or data collection and analysis. Doses were independently verified by an anesthesiologist
external to the study team. The allocation sequence was kept in a sealed, opaque envelope that remained with the patient
and could be opened only for emergency unblinding in the event of a medical emergency. On the day of surgery, a nurse
unaffiliated with patient care opened the sealed envelope containing the study group assignment, prepared the study
medication outside the operating room, and diluted oxycodone with saline to a final volume of 10 mL. Data collection
was managed by three independent investigators. To prevent investigators from inferring the administered oxycodone
dose, they were assigned random codes (“1,” “2,” or “3”), and one investigator was randomly selected for each data
collection session. If a patient was enrolled but later excluded from the analysis due to protocol deviations, the next
recruited participant received the same dose assignment as the excluded patient. This approach preserved the original
allocation sequence and ensured the accuracy of the ED90 estimation. In the event of unexpected serious adverse events

—such as circulatory failure, impaired consciousness, or respiratory depression—that required urgent intervention,
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unblinding was performed by unblinded personnel. In this double-blind trial, both patients and study personnel involved
in anesthesia management or data collection remained unaware of whether oxycodone was administered.

Anesthetic Procedures

Before entering the operating room, all patients received standardized instructions on patient-controlled intravenous
analgesia (PCIA) and the Numeric Rating Scale (NRS) for pain assessment. They were also informed about potential
postoperative discomfort to reduce preoperative anxiety. Upon entering the operating room, mean blood pressure (MBP)
and heart rate (HR) were measured twice, and the averages served as baseline measurements (T0). Non-invasive blood
pressure (NIBP), including systolic, diastolic, and mean arterial pressure (MAP); HR; pulse oximetry-derived oxygen
saturation (SpO,); and the bispectral index (BIS) were continuously monitored, with data recorded at 5-minute intervals.

General anesthesia was induced with sufentanil (0.3 pg/kg), etomidate (0.2 mg/kg), and rocuronium bromide (0.6 mg/kg).
After induction, a double-lumen endobronchial tube was inserted to facilitate lung isolation, and isolation was confirmed by
fiberoptic bronchoscopy. During maintenance, patients received sevoflurane (0.8—1.5 MAC) with continuous intravenous
infusions of propofol (4-6 mg/kg/h) and remifentanil (0.1-0.2 pg/kg/h) to maintain blood pressure and heart rate within +20%
of baseline and to keep the bispectral index (BIS) between 40 and 60. Intermittent rocuronium boluses were given to maintain
muscle relaxation during surgery. Mechanical ventilation was managed as follows: during two-lung ventilation, tidal volume
was set at 6-8 mL/kg, respiratory rate at 12 breaths/min, and positive end-expiratory pressure (PEEP) at 5 cmH,0; end-tidal
carbon dioxide (EtCO,) was maintained at 35-45 mmHg, and peak airway pressure remained below 20 mmHg. During one-
lung ventilation, tidal volume was reduced to 4-6 mL/kg, respiratory rate increased to 14—16 breaths/min, PEEP was
maintained at 5 cmH,0, EtCO, was controlled to <45 mmHg, and peak airway pressure was limited to <30 mmHg.
Vasopressors were administered as clinically indicated, guided by continuous hemodynamic monitoring. In cases of severe
bradycardia (HR <45 beats/min) or hypotension (defined as a decrease in systolic or mean arterial pressure >20% from
baseline), atropine (0.3—0.5 mg) or ephedrine (6—10 mg) was administered at the clinician’s discretion. All patients received
a standardized intraoperative infusion of Ringer’s lactate solution at 10 mL/kg/h.

All surgeries were performed by equally qualified surgeons. A predefined 10-mL dose of oxycodone was injected at the
initiation of thoracic irrigation, approximately 30 minutes before the end of surgery. SBP, MAP, and HR were recorded on
admission to the operating room (T0), after intubation (T1), before and after drug administration (T2 and T3), after extubation
(T4), and before leaving the operating room (T5). Local infiltration analgesia was administered by a trained surgeon with 5 mL
of 0.5% ropivacaine during chest closure. At the end of the procedure, patients awoke spontaneously and were extubated once
extubation criteria were met. The total doses of remifentanil and propofol, blood loss, fluid transfusion, and surgery duration
were recorded.

Postoperative Pain Management

The PCIA contained nalbuphine hydrochloride (0.2 mg/kg), flurbiprofen axetil (100 mg), and ramosetron hydrochloride
(0.6 mg), dissolved in 100 mL of 0.9% sodium chloride solution (2 mL/hour, lockout interval 15 minutes, 0.5 mL per dose).
After completing the 2-hour postoperative NRS assessment, if the NRS score was >4, a single PCIA bolus was administered.
If rescue analgesia was required before the assessment was completed, the patient was excluded from the study.

After discontinuation of the PCIA pump, rescue analgesia (one tablet of oral Tylox) was provided if the patient’s NRS
score was >4 or the patient actively requested analgesia. If severe adverse events such as nausea and vomiting,
respiratory depression (respiratory rate <6 breaths/min or SpO, <92% while receiving 5 L/min oxygen via nasal cannula),
urinary retention, dizziness, or itching occur, the PCIA should be suspended.'*"'* The PCIA pump may be restarted only
once symptoms have resolved, following appropriate management by an experienced clinician.

Postoperative Follow-Up

Postoperatively, NRS and RASS scores were assessed at 2, 6, 12, and 24 hours after the patient returned to the ward,
during both rest and coughing. Adverse events occurring within 72 hours of the first dose—including nausea, vomiting,
dizziness, respiratory depression, and delirium—were recorded.>'® The use and frequency of rescue analgesics were
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also documented. Key postoperative clinical milestones, such as time to ambulation, time to drain removal, and length of
hospital stay (from surgery completion to discharge), were meticulously recorded.

All patients were followed up via telephone questionnaire to collect their NRS scores and Brief Pain Inventory (BPI)
results.

Biased-Coin Design
The biased-coin up-and-down sequential design was used to assess the minimum effective dose of oxycodone required to
produce effective analgesia in 90% of patients. This statistical method has been widely applied in clinical research.
Postoperative NRS scores > 3 during coughing at 2 hours post-surgery were classified as negative responses, whereas NRS
scores <3 were classified as positive responses.'® Based on previous studies conducted by other investigators, the initial
oxycodone dose was set at 0.02 mg/kg.>*' The dose for the next patient is determined by the analgesic response of the
previous patient, following the classic Dixon’s up-and-down sequential design but with modified allocation probabilities. If
the previous patient exhibits a negative response, the oxycodone dose for the next patient is increased by 0.01 mg/kg. If the
response is positive (ie, effective analgesia), the next patient is randomized to receive either a dose 0.01 mg/kg lower than the
previous one, with a probability of 0.11, or the same dose, with a probability of 0.89 (1 — B).

Patients excluded due to protocol deviations or removed after enrollment were not included in the analysis and
therefore did not affect the estimation of ED90. Dose allocation was implemented using Microsoft Excel (Microsoft
Corp., Redmond, WA, USA).

Outcomes
The primary objective was to determine the ED90 of intravenously administered oxycodone in elderly patients, given
30 minutes before the completion of thoracoscopic lobectomy, that achieves a 90% effective analgesic response.
Secondary outcomes included the incidence of acute pain during hospitalization, the incidence of chronic pain at 1
and 3 months postoperatively, perioperative hemodynamic changes, RASS scores within 24 hours postoperatively,
opioid-related adverse events within 3 days postoperatively (including itching, nausea, and respiratory depression),
surgical duration (defined as the time from skin incision to procedure completion), time to first ambulation, time to drain
removal, length of postoperative hospital stay, dosage and frequency of rescue analgesics, and intraoperative propofol
and remifentanil consumption.

Statistical Analysis
Due to the inherent characteristics of the biased-coin design, including non-independent dose allocation and an unknown
distribution, traditional sample size calculation methods are no longer applicable. To estimate the ED90, at least 45
patients (the smallest multiple of 9 greater than 40) who exhibited positive pain responses were required. To determine
the minimum effective dose for 90% of patients, we used the R software developed by Pace and Stylianou. This software
enabled us to obtain the isotonic regression estimator u3 by applying the pool-adjacent-violators algorithm (PAVA) and to
derive a bias-corrected 95% confidence interval through bootstrapping.***® Statistical analysis was performed using
dedicated software, R version 4.0.5 (ISBN; http://www.Rproject.org).

The exploratory endpoint supplementary analysis was limited to doses administered to at least 10 participants.

Continuous variables were assessed for normality using the Kolmogorov—Smirnov test. Data were presented as mean
+ standard deviation (SD), median (interquartile range), or frequency (%), as appropriate. Differences in continuous
variables across the three dose groups were evaluated with the Kruskal-Wallis test. Categorical data were compared with
the chi-squared test or Fisher’s exact test. Repeated-measures data (NRS and BPI scores at various time points) were
analyzed with generalized estimating equations (GEE). Because baseline characteristics (age, gender, preoperative
diagnosis, surgical side, comorbidities, and smoking status) differed between groups, we conducted a sensitivity analysis
using logistic regression to model pain occurrence and linear regression to model NRS scores, adjusting for potential bias
from imbalanced covariates. If key model assumptions (homoscedasticity or Gaussian distribution in linear models) were
not met, data transformations and/or alternative generalized linear models were applied as appropriate, adjusting for
baseline scores and including the aforementioned variables as covariates. Perioperative hemodynamic differences were
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analyzed with repeated-measures analysis of covariance (ANCOVA), with baseline measurements included as covariates.
Statistical analysis was performed using SPSS version 26 (SPSS Inc., Chicago, Illinois, USA), and P-values <0.05 were
considered statistically significant.

Results

A total of 60 patients completed the study; four were excluded, including three who underwent conversion to open
thoracotomy during surgery and one who refused follow-up midway through the study (Figure 1). All patients completed
telephone follow-up at 1 and 3 months postoperatively, with no loss to follow-up.

The study sample included 26 male patients (43.3%). The mean age was 69.92 + 3.81 years, with a mean body weight
of 65 + 13 kg and a mean height of 164.93 + 7.83 cm, yielding a mean BMI of 23.51 + 2.50 kg/m* (Table 1).

Table 2 presents the observed response rates according to oxycodone dose. Fifteen patients (25.0%) had inadequate
postoperative analgesia, and eight required supplemental oral analgesics. Among the doses examined, the 0.10 mg/kg
group had the largest number of patients, 24, and 87.5% of them met the established criteria for analgesic efficacy.

The ED90 of oxycodone, determined by isotonic regression, was 0.104 mg/kg, with a 95% confidence interval of
0.095-0.108 mg/kg (Figure 2).

The supplementary analysis was limited to dose groups with at least 10 participants. Patients were categorized into
three dose-based subgroups: Group A (0.09 mg/kg), Group B (0.10 mg/kg), and Group C (0.11 mg/kg). Preoperative
baseline characteristics were generally comparable across groups, except for sex (P = 0.020), age (P < 0.001), height (P =
0.002), surgical side (P = 0.025), comorbidities (P < 0.001), and smoking history (P = 0.021), which showed statistically
significant differences. There were no significant differences in BMI among groups (P = 0.867); therefore, height was
excluded from the sensitivity analysis (Table 3).

Assessed for eligibility
(n=64)

Excluded(n=4)
1—* » Converting to thoracotomy (n=3)
* Dropout (n=1)

Patients included in the
study (n=60)

}

Failed
NRS score < 3 for Next patient:
coughing two hours increased by 0.01mg/kg

after surgery

T 1 Successful

Next patient: 11% probability of a decrease in
oxycodone by 0.01mg/kg and 89% probability of
the same dose

v v
Successful analgesia Completed the trial Failed analgesia
patients (n=45) ' (n=60) patients (n=15)

l Lost to follow-up (n=0)

[ Analyzed }

Figure | Flow chart of the study.
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Table | Patient Demographics

Characteristic Average (Median or Frequency, n=60)
Sex (F/M) 26/34
Age (yr) 69.92 (3.81)
Educational levels

Yes 31 (51.7%)

No 29 (48.3%)
Height (cm) 164.93 (7.84)
Weight (kg) 64.26 (10.28)
BMI (kg/m?) 23.51 (2.50)
Surgery side

Right 37 (61.7%)

Left 23 (38.3%)
Types of surgery (Adhesiolysis)

Yes 45 (75.0%)

No I5 (25.0%)
Comorbidities

Yes 31 (51.7%)

No 29 (48.3%)
Drinking

Yes 18 (30.0%)

No 42 (70.0%)
Smoking

Yes 15 (25.0%)

No 45 (75.0%)
SBP (mmHg) 108.68 (11.94)
Heart rate (beats/min) 72.43 (10.65)
Remifentanil consumption (mg) 0.51 (0.21)
Propofol consumption (mL) 40.19 (14.59)
Infusion volume (mL) 852.50 (273.31)
Blood loss (mL) 59.17 (34.21)
Surgical duration (min) 142.57 (42.16)
Pathological types

Adenocarcinoma 45 (75.0%)

Squamous cell carcinoma 8 (13.3%)

Others 7 (11.7%)

Notes: Continuous data were presented as mean * SD, median (QI, Q3), or number of
patients; categorical variables were expressed as frequencies (percentages). Education level
was defined as completion of junior high school education or higher. Coexisting diseases
indicate the presence of hypertension, diabetes, or coronary heart disease.

Table 2 Pain Relief Observed After Oxycodone Administration

Assigned Dose (mg/kg) | Number of Successes | Cases | Response Rate Observed
0.02 2 3 66.7
0.03/0.04/0.05/0.07 0 | 0

0.06/0.08 | 50.0

0.09 10 15 66.7

0.10 21 24 87.5

0.11 10 10 100

Repeated-measures analysis of variance was conducted on perioperative hemodynamic parameters and postoperative
sedation levels, and no statistically significant time effects or time-by-group interaction effects were observed for any of

the measured variables. Among these parameters, MAP was significantly lower in Group A than in Groups B and C at
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Figure 2 Sequences of successes (total circles) and failures (empty circles) in the 60 consecutive patients. The x-axis represents the subject sequence number, indicating the
chronological order of participant enrollment in the BCD. The y-axis shows the range of oxycodone doses administered, spanning from 0.02 to 0.1 | mg/kg. The horizontal
line indicates the model-estimated optimal oxycodone dose corresponding to the ED90 (ie, the dose predicted to produce effective analgesia in 90% of participants); error
bars represent the 95% Cl around this estimate.

the time of administration (P < 0.001). In contrast, heart rate and RASS sedation scores did not differ significantly across
the three groups at any time point (P > 0.05). GEE was used to assess within- and between-group differences in NRS
pain scores, and the timing of assessment significantly affected all measured outcomes. However, after adjusting for
baseline characteristics, the differences in NRS scores during coughing at various time points were not statistically
significant among groups A, B, and C (P > 0.05, Figure 3). The static NRS scores showed a significant interaction effect
(P < 0.001). However, there were no differences in the interventions among the groups at any time (P > 0.05).
Participants were followed up by telephone to assess the incidence of postoperative chronic pain. To assess the robustness of
the results, a sensitivity analysis was performed on dynamic NRS pain scores across different time points and subgroups. The
incidence of pain in group A was 2.514 times higher than that in group B (P =0.007), and the incidence of pain was lower at three
months postoperatively compared with one month postoperatively (B = 0.986, P = 0.001). The physiological and emotional
disturbances associated with pain were evaluated. Results showed that BPI scores were consistently low across all groups, with
no statistically significant differences among groups (P > 0.05). Furthermore, BPI scores at 3 months postoperatively were

significantly lower than those at 1 month postoperatively, indicating a highly significant reduction (P < 0.001) (Figure 4).

Table 3 Preoperative Comparison

Parameters 0.09mg/kg (n=15) | 0.10mg/kg (n=24) | 0.1 Img/kg (n=10) | P-value
Genders 0.020*
Male 7 (46.7%) 11 (45.8%) 0 (0.0%)
Female 8 (53.3%) 13 (54.2%) 10 (100.0%)
Age (yr) 69.87 (3.16) 71.25 (4.33) 66.70 (1.49) <0.001*
Educational levels 0.293
Yes 10 (66.7%) 21 (87.5%) 10 (100.0%)
No 5(33.3%) 3 (12.5%) 0 (0.0%)
Height (cm) 166.27 (6.17) 164.58 (8.07) 158.70 (3.86) 0.002*
Weight (kg) 65.93 (9.95) 63.52 (10.23) 59.50 (6.08) 0.133
BMI (kg/m?) 23.77 (2.80) 23.35 (2.59) 23.59 (1.79) 0.875
Surgery side 0.025%
Right 9 (60.0%) 19 (79.2%) 3 (30.0%)
Left 6 (40.0%) 5 (20.8%) 7 (70.0%)
Comorbidities <0.001*
Yes 12 (80.0%) 5 (20.8%) 7 (70.0%)
No 3 (20.0%) 19 (79.2%) 3 (30.0%)
Smoking 0.021*
Yes 4 (26.7%) 8 (33.3%) 0 (0.0%)
No 11 (73.3%) 16 (66.7%) 10 (100.0%)

Note: *Means P<0.05 compared to the 0.10mg/kg oxycodone dose group.
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Figure 4 Three groups of post-discharge BPI and dynamic NRS scores. “After adjusting for baseline factors, a significant difference was observed between the 0.09 mg/kg
and 0.10 mg/kg groups (P < 0.05).
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Table 4 Comparison of NRS and BPI Scores for Chronic Pain in Three Groups

Groups 0.09mg/kg 0.10mg/kg | 0.11mg/kg | P-value* | P-value®
Dynamic NRS score 0.114 0.006°
| Month Post-Op 3.07 + 1.49 275+ 1.15 | 3.40 + 0.84
3 Month Post-Op 193 £ I.16 121 £ 1.14 | 1.90 £ .10
Static NRS score 0.412 0.024*
| Month Post-Op 1.27 £ 0.96 0.83 £ 1.0l 1.20 £ 0.79
3 Month Post-Op 0.33 £ 0.49 0.25 £ 0.53 | 0.31 + 055
BPI score 0.117 0.144
| Month Post-Op | 20.13 £ 14.10 | 12.79 £ 9.6]1 | 14.7 + 8.65
3 Month Post-Op | 10.20 + 10.89 | 3.96 £ 492 | 550 £ 6.12

Notes: *Refers to P<0.05, statistically significant; *Uncorrected baseline, “Corrected baseline characteristics.

A post hoc analysis of NRS scores was also conducted during the three-month period following surgical intervention.
Preoperative complications and diagnoses were associated with variations in static NRS scores. After adjusting for
baseline characteristics, a statistically significant difference between groups emerged (Wald = 7.469, P = 0.024).
Specifically, group B had a 0.607 lower pain score than group A (P = 0.007). The pain score was 0.735 lower at three
months post-surgery than at one month post-surgery (Wald = 55.029, P < 0.001) (Table 4).

Figure 5 illustrates the prevalence of side effects, with no significant differences in the incidence of adverse reactions
observed across dose groups (P = 0.291). Constipation was the most common adverse reaction and increased gradually
with escalating oxycodone dose across subjects (33.3%, 37.5%, and 70.0%, respectively), showing a statistically
significant difference among the three groups (P = 0.038). No patients experienced respiratory depression or other
serious adverse events.

Discussion
As the population ages, the number of elderly patients with lung cancer continues to rise, and the proportion undergoing
thoracoscopic lobectomy has steadily increased. For these patients, adequate pain management is essential. Inadequate pain
relief significantly increases the risk of postoperative pulmonary complications and delirium and may lead to chronic pain,
substantially impairing quality of life. However, excessive use of analgesics may also result in opioid-related adverse effects.
Currently, oxycodone is considered more suitable than morphine for postoperative pain management in elderly
patients due to its favorable pharmacokinetic profile. However, given the age-related physiological changes in this
population, there is an urgent need for pharmacological studies specifically targeting elderly patients to determine the

Hypersomnia = 0.09mg/kg
Dizzy = 0.10mg/kg
B 0.11mg/kg

Pruritus

Nausea
Coughing

Constipation

0 3 6 9 12 15 18 21

Figure 5 Incidence of adverse reactions within 72 hours after surgery.
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optimal analgesic dose of oxycodone, thereby enabling precise dosing to reduce inadequate pain relief and minimize the
occurrence of adverse effects.

This study uses a biased-coin design to determine the optimal effective dose (ED90) of a single intravenous
oxycodone dose in elderly patients undergoing thoracoscopic lobectomy, as part of a multimodal perioperative analgesic
regimen. Additionally, this study examines factors associated with perioperative acute pain in elderly patients and
conducts an exploratory analysis of the incidence of postoperative chronic pain.

Clinicians often refer to a drug’s ED90 to guide dosing. Most studies still use the Dixon up-and-down method to
determine the ED50 and then extrapolate it to the ED90. However, this simple extrapolation from the dose-response
curve is limited in its ability to accurately reflect the true ED90 of the drug.>* The biased-coin design improves upon the
traditional sequential method by adjusting randomization probabilities to converge toward the dose near the ED90,
enabling a more intuitive and accurate determination of the drug’s ED90.%°

We employed the isotonic regression estimator to derive the ED90 for a single intravenous dose of oxycodone on the
dose-response curve. This estimator enables accurate estimation of the effect dose at any quantile along the curve under
conditions of low bias and low variance, and has increasingly become a widely adopted approach for determining
optimal drug dosing in clinical anesthesia research.® Additionally, compared to traditional discrete dose-response designs
or randomized controlled trials, this method significantly reduces the number of participants required, enabling accurate
estimation of the drug’s 90% effective dose with a minimal sample size, while maintaining estimation precision.

Our study determined the optimal intravenous dose of oxycodone to be 0.104 mg/kg, with a 95% confidence interval
of 0.095 to 0.108 mg/kg. An interesting observation emerged from this study: although the ED90 of oxycodone was
determined to be 0.104 mg/kg through rigorous statistical analysis, two patients achieved satisfactory analgesia following
administration of only 0.02 mg/kg. These individuals reported no pain during hospitalization and did not develop chronic
pain during the postoperative follow-up period. The potential factors contributing to the satisfactory analgesia observed
in these two patients are as follows. First, both individuals were male. Existing reviews indicate significant sex-based
differences in brain structures and functional connectivity involved in pain processing, with females generally exhibiting
more widespread neural responses to pain stimuli. This suggests that males may exhibit greater analgesic sensitivity and
higher metabolic efficiency when oxycodone is administered, thereby requiring lower doses.?” Second, the pharmaco-
kinetics of oxycodone are influenced by CYP2D6 gene polymorphisms, and carriers of the rapid-metabolizer allele
typically demonstrate enhanced analgesic effects. However, genetic testing was not conducted in this study; therefore, the
aforementioned speculation requires further validation through targeted research.

An exploratory analysis was conducted across the three dose groups with the largest number of participants to
evaluate the clinical benefits of the optimal dose compared to adjacent doses. There were no significant differences
among the three oxycodone dose groups in postoperative recovery outcomes, including RASS sedation scores, time to
first ambulation, length of hospital stay, and pain incidence. Further analysis of NRS scores from the postoperative period
to discharge was conducted. The results showed that 93.3% of patients had a resting NRS score below 4 at discharge,
indicating that most patients achieved effective analgesia. After adjusting for baseline imbalances among the three
groups, generalized estimating equations were employed to analyze intergroup differences in acute pain and related
influencing factors. The results revealed no statistically significant differences in postoperative acute pain scores.

Postoperative chronic pain is defined as pain lasting more than 3 months and not attributable to other causes, such as
infection, malignancy, or pre-existing pain conditions. According to the Acute to Chronic Pain Signature (A2CPS) initiative
by the National Institutes of Health (NIH), 10% to 70% of patients develop chronic pain after surgery. Pain is one of the
strongest predictors of the transition from acute to chronic pain. Across diverse populations, acute postoperative pain reliably
predicts the development of chronic postsurgical pain, with robust effect sizes observed for pain at rest, pain during movement,
widespread pain, and pain at multiple sites. Additionally, elderly patients often have multiple comorbidities and may require
long-term use of various analgesics, thereby increasing the risk of drug tolerance and misuse. Due to the potential injury to the
pleura and intercostal nerves caused by thoracoscopic surgery, inadequate postoperative pain management in elderly patients
increases the risk of developing chronic pain. Based on these factors, we conducted a long-term follow-up of the subjects to
investigate the incidence of chronic pain and evaluate the advantage of the optimal-dose group in reducing the risk of chronic
pain development compared with the other two groups.
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After excluding baseline (T0) data and adjusting for potential confounding patient characteristics that could influence
pain scores, the results showed that the incidence of chronic pain in the optimal-dose group was significantly lower than
in the adjacent lower-dose group. Post hoc analysis revealed a significant correlation between chronic pain scores and
both the presence of preoperative comorbidities and postoperative complications. A recent meta-analysis showed that the
incidence of chronic pain three months after thoracic surgery ranged from 20.0% to 71.4% across 24 studies involving
2400 patients.”® In contrast, 80.6% of the patients in our study experienced only mild pain (NRS < 4) at three months
postoperatively, and the pain incidence was significantly lower at three months than at one month (B = 0.986, P = 0.001).
In our study, the incidence of chronic postoperative pain was 10%, and cough-induced pain intensity was 1.8 £+ 1.3 on the
NRS. The results of the prospective study by Bayman et al were notably higher than those of our study: the incidence of
chronic pain at three months postoperatively was 29%, and the NRS score during coughing was 2.8 + 2.2.* This
difference may be attributed to the inclusion of elderly patients in our study population, who typically exhibit reduced
pain sensitivity and higher pain thresholds. More importantly, the oxycodone dose administered in our study was close to
the optimal effective dose.

Among the 60 patients included in this study, 28 (46.7%) did not experience any opioid-related adverse effects. The
incidence of constipation increased with higher oxycodone doses, which is consistent with previous literature, indicating
a clear dose-response relationship for this adverse effect. In contrast, no dose-dependent association was observed for
other opioid-related adverse effects.*® The incidence of constipation was higher than that of other adverse effects, which
may be attributed to the following factors: First, oxycodone’s pharmacological properties determine its mechanism of
action. Exogenous opioids bind to p-opioid receptors in the intestine, impairing gastrointestinal motility and secretory
function, thereby causing constipation.”’ Hunold et al reported that the incidence of opioid-induced constipation in
elderly patients (>65 years) within one week after emergency department discharge was 21%, compared to 3% in those
receiving nonsteroidal anti-inflammatory drugs (NSAIDs).>? Second, elderly patients are at higher risk for constipation.
Epidemiological data show that the prevalence of constipation increases with advancing age.*> With aging, neurodegen-
erative changes in the central nervous system may lead to gastrointestinal motility disorders and hormonal imbalances.

This study followed a rigorous experimental design and implementation protocol, utilizing a standardized multimodal
analgesia regimen that combines intraoperative preemptive analgesia, postoperative regional blocks, and PCIA.
Compared with the Dixon up-and-down method, the biased-coin up-and-down sequential method provides a more
accurate estimate of the optimal analgesic dose (ED90) for a single intravenous dose of oxycodone in elderly patients,
thereby ensuring effective analgesia while reducing the incidence of adverse effects. Additionally, this study further
explored the impact of acute pain relief on chronic postoperative pain and the potential benefits of optimal analgesic
dosing in reducing its incidence.

This study has the following limitations: First, as a single-center design, it may be influenced by site-specific
practices, since clinical prescribing patterns can vary across medical centers, limiting the external generalizability of
the findings. Second, genetic testing for CYP2D6 polymorphisms was not performed. Although previous studies have
shown that this genetic polymorphism can influence the pharmacokinetics of oxycodone, no significant differences in
clinical analgesic effects have been observed.** Additionally, while the biased-coin design can be used to estimate the
optimal drug dose, the “optimal” dose derived from this method may not be applicable to all patients. On the one hand,
there is individual variability in patients’ analgesic responses; on the other hand, even without accounting for individual
factors, the ED90 dose suggests that approximately 10% of patients may not achieve effective analgesia, leading to

“ineffective” responses.

Conclusion

The optimal intraoperative intravenous single dose of oxycodone for achieving the effective dose for elderly patients
undergoing elective thoracoscopic lobectomy was 0.104 mg/kg (95% CI: 0.095-0.108 mg/kg). In the exploratory
analysis, patients receiving this dose had a lower incidence of postoperative adverse effects and a reduced incidence
of chronic pain during follow-up.
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