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Background: Local anesthetic incision-site infiltration (ISI) effectively eases post-craniotomy pain; however, its short duration limits
sustained analgesia. This study aimed to assess the efficacy and safety of ropivacaine combined with triamcinolone acetonide along
with ropivacaine alone via ISI to manage postoperative pain in adult craniotomy patients.

Methods: This prospective, randomized, open-label, controlled trial enrolled 110 patients (aged 18~65 years; American Society of
Anesthesiologists Physical Status, I~I1I) scheduled for elective craniotomies. Patients were randomly allocated to two distinct groups:
the treatment group received 0.5% ropivacaine combined with triamcinolone acetonide for ISI (n = 55) and the control group received
0.5% ropivacaine alone (n = 55). The primary outcome was sufentanil consumption (pg) via patient-controlled analgesia (PCA) within
48 h post-surgery using the intention-to-treat (ITT) principle and per-protocol (PP) analyses.

Results: Within 48 hours post-surgery, the treatment group showed significantly lower cumulative sufentanil consumption than
control group (8.4 £ 5.2 pg vs 32.7 + 12.2 pg; mean difference: —24.3, 95% confidence interval —27.8 to —20.7; p < 0.001). The
estimated median time to the first PCA-administered administration was 30 h in the treatment group versus 12 h in the control group
(hazard ratio: 0.11, 95% CI: 0.07 to 0.18; log-rank p < 0.0001). A statistically significant decrease in numerical rating scale (NRS)
pain scores was observed in the treatment group compared with the control group at all postoperative time points (2h to 1 month; p <
0.001 for all comparisons). No adverse events (AEs) occurred in either group during the study period.

Conclusion: Compared with ropivacaine alone, the addition of triamcinolone acetonide for ISI was associated with improved
postoperative analgesia and reduced sufentanil consumption in adults who underwent craniotomy. Moreover, the combination was
linked to a lower incidence of postoperative nausea and vomiting (PONV), with no reported severe AEs.
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Introduction

Contrary to earlier assumptions that intracranial surgery causes minimal pain, recent evidence indicates that over half of
patients endure moderate-to-severe pain following craniotomy, primarily within the first 48 hours.' Severe postoperative
pain can induce sympathetically mediated hypertension and increase the risk of complications, such as cerebral edema,
hemorrhage, prolonged hospitalization, and mortality.> Furthermore, the site of craniotomy may influence postoperative
pain and analgesic response.* Some patients may also develop chronic pain, which significantly diminishes their quality
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of life.>* Nevertheless, the management of pain following craniotomy remains challenging, and a consensus on effective
treatment strategies has yet to be established.

Systemic analgesics, especially opioids, are frequently administered for postoperative analgesia; however, their use is
associated with unavoidable side effects such as sedation, respiratory depression, interference with neurological assess-
ments, and nausea and vomiting.® In response, non-opioid analgesics, including nonsteroidal anti-inflammatory drugs
(NSAIDs), have gained prominence in post-craniotomy pain management owing to their opioid-sparing benefits.”
However, caution is warranted in neurosurgical patients because concerns regarding NSAIDs increase the risk of
intracranial hemorrhage (ICH) due to impaired platelet aggregation, and their analgesic efficacy may sometimes be
insufficient.*° The heightened risk of thrombosis and cardiovascular events has also diminished enthusiasm for selective
cyclooxygenase-2 (COX-2) inhibitors as a secure substitute.'” Therefore, developing an optimal pain management
strategy that minimizes reliance on systemic analgesics is crucial.

ISI with local anesthetics is recognized as a straightforward, safe, and essential component of multimodal analgesia in
craniotomies. However, the analgesic effect of local anesthetics is short-lived and insufficient for sustained post-craniotomy pain
relief.""'® Thus, there is an urgent need to explore adjuncts that can prolong postoperative analgesia. Post-craniotomy pain
manifests as somatic discomfort arising from scalp, pericranial musculature, and soft tissue injuries. These injuries trigger the
release of inflammatory mediators that activate peripheral nociceptors, generating pain through abnormal action potentials trans-
mitted via afferent A-3 and C-fibers.'*'> Consequently, reducing incisional inflammation, for instance through glucocorticoid
infiltration at the incision site, could be an effective strategy for managing incisional pain.'*'®'® Previous research demonstrated
that preemptive ISI using dexamethasone-ropivacaine reduced post-craniotomy sufentanil consumption to 29.0 pg (vs 38.3 ug
with ropivacaine alone).'® Another study reported that adding Diprospan further decreased consumption to 5 pug (vs 38 pg). As
a composite glucocorticoid, Diprospan provides analgesia with effects lasting 3~4 weeks.”® Given that post-craniotomy pain
typically peaks within 48 hours after surgery. Therefore, further investigation of the optimal combination of local anesthetics and
mid-acting glucocorticoids with slow regional absorption is warranted to devise a more rational and effective strategy for
preventing incisional pain.

As a synthetic glucocorticoid, triamcinolone acetonide exerts its effects by binding to and activating intracellular
glucocorticoid receptors, prompting their translocation to the nucleus, which initiates a wide range of anti-inflammatory
actions, including downregulating pro-inflammatory cytokine expression, inhibiting the synthesis and release of pros-
taglandins and leukotrienes from arachidonic acid, and triggering anti-inflammatory transcription elements such as
lipocortin, with a median half-life spanning 18 to 36 hours.?'** However, the effectiveness of triamcinolone acetonide
infiltration, when used as an adjunct to a local anesthetic, in prolonging pain relief after craniotomy remains uncertain. To
address this, we conducted prospective randomized controlled trials to evaluate the impact of preemptive in situ incision
infiltration with ropivacaine combined with triamcinolone acetonide compared to ropivacaine alone on postoperative pain
in patients undergoing craniotomy.

Materials and Methods

The study was conducted in strict compliance with CONSORT guidelines and adhered to the latest edition of the
Declaration of Helsinki. This study was supported by the Research Ethics Committee of the Beijing Tiantan Hospital,
Capital Medical University (reference no. KY 2018-034-02-4) and registered at ClinicalTrials.gov (NCT 06069804;
Principal Investigator Fang Luo; Date of Registration: September 29, 2023) before patient enrollment. Data collection
took place at Beijing Tiantan Hospital, Capital Medical University, Beijing, China. Patient recruitment extended from
October 7, 2023, to December 31, 2023. The final follow-up was completed on February 1, 2024.

Study Design and Participants

This study was a prospective, single-center, open-label, randomized controlled clinical investigation. Following approval
from the institutional review board, comprehensive written informed consent was obtained from all participating patients
scheduled to undergo supratentorial craniotomy during preoperative anesthesia consultations. Patients received compre-
hensive instructions on utilizing a NRS to evaluate pain and underwent thorough training in the operation of the PCA
device.
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Eligible participants were adults (18~65 years) with an American Society of Anesthesiologists (ASA) (Schaumburg,
Illinois) Physical Status classification of I to III. The inclusion criteria also required patients to be expected to fully
awaken and cooperate within 2 h postoperatively, with an anticipated surgical duration not exceeding 6 h.

The exclusion criteria included patients unable to comprehend or utilize NRS; declining participation; patients with
contraindications to ISI, such as documented allergies to study medications or local infection; patients with a Glasgow
coma scale score <15, obesity (body mass index >35 kg-m ?); coagulopathy; pregnancy or lactation; prior craniotomy;
chronic pain (persistent or recurrent pain lasting >3 months); drug addiction (including regular opioid or illicit substance
use); chronic alcohol abuse; prolonged corticosteroid treatment (>6 months); uncontrolled systemic arterial hypertension;
severe renal or hepatic diseases; mental disorders; serious neurological conditions; cardiomyopathies; arrhythmias;
elevated intracranial pressure (ICP); or a history of brain trauma.

Withdrawal criteria included surgical complications, such as surgical aphasia, unconsciousness persisting beyond
2 h postoperatively, surgical duration exceeding 6 h, or postoperative mechanical ventilation need.

Randomization and Blinding

The allocation sequence was formed through randomization using SPSS version 25.0 (International Corp., Armonk, NY,
USA). Eligible participants were assigned in a 1:1 ratio in random to the treatment or control groups. To ensure allocation
concealment, opaque, sealed envelopes numbered in sequential order were employed, which displayed the sequential order of
participants’ screening on the outside, as well as the assigned group on the inside. Prior to surgery, the envelope was disclosed
by the investigator, overseeing the procedure, and the patient was allocated to receive ISI. A specialized researcher,
deliberately excluded from the outcome data collection, handled participant enrollment. Patients, statisticians, and indepen-
dent researchers tasked with conducting postoperative follow-up were deliberately unaware of group assignments. The
blinding of neurosurgeons and anesthesiologists was not feasible in this study because of visible differences (suspension vs
clear solution) in the preparation of local infiltration mixtures. However, neurosurgeons and anesthesiologists were given clear
instructions to avoid disclosing the allocation while interviewing the participants.

Medications intended for ISI were prepared by an impartial investigator for each group, in which 10 mg of
triamcinolone acetonide and 150 mg of ropivacaine were diluted to a final volume of 30 mL with 0.9% saline. In the
control group, 150 mg of ropivacaine was similarly diluted to 30 mL with 0.9% saline. Ropivacaine concentration was
maintained at 0.5% in both groups.

Procedures

Upon arrival in the operating room, all patients underwent standardized monitoring and anesthetic protocols. Continuous
monitoring was conducted, including blood pressure (BP), heart rate (HR), 5-lead electrocardiography (ECG), peripheral oxygen
saturation (SpO,), and the Bispectral Index (BIS). Before surgery, patients were sedated with intravenous (IV) midazolam at
a dose of 0.05 mg/kg. Anesthesia was then induced using sufentanil (0.3 to 0.5 pg/kg), propofol (1.5 to 2.5 mg/kg), as well as
cisatracurium (0.2 mg/kg). Following tracheal intubation, patients were ventilated to maintain end-tidal carbon dioxide at
35-40 mmHg. A combination of propofol (6 to 8 mg-kg '-hour ') as well as remifentanil (0.1 to 0.3 pg-kg 'min') was
administered to maintain a BIS, ranging from 40 to 50. Additionally, cisatracurium (0.01mg/kg was administered intravenously
every 40 min for muscle relaxation maintenance. To ensure hemodynamic stability, vasoactive drugs were administered as
required to preserve mean arterial pressure (MAP) as well as HR fluctuations within 20% of baseline values. Both propofol and
remifentanil infusions were discontinued at the conclusion of the surgery.

After general anesthesia induction and tracheal intubation, and once all necessary equipment and catheters were in
place, as well as under stable anesthetic conditions just before making the skin incision, the neurosurgeon performed
local infiltration of the study solution. Using a 22-gauge needle inserted at an angle of 45, neurosurgeon infiltrated
solution through full thickness of scalp along planned incision line as well as at head-holder attachment sites, and the
same neurosurgeon carried out this procedure for all patients.”> Aggregate volume of investigational solution adminis-
tered to every patient was ascertained by neurosurgeon, primarily according to incision length, as well as was
meticulously recorded by investigator.
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Patients underwent extubation once they demonstrated satisfactory hemodynamic stability, respiratory function, and
neurological status. To curb PONV, patients received an intravenous dose of ondansetron (8 mg), after which they were
shifted to the post-anesthesia care unit (PACU). The PCA solution was composed of 150 pg sufentanil and 16 mg
ondansetron diluted in 100 mL normal saline. The PCA device was programmed to deliver a 2 pg bolus of sufentanil,
with a 10-minute lockout interval between doses and a maximum hourly limit of 8 pg. Initial loading dose and
background infusion rate of the PCA pump were set to 0. Patients were instructed to activate the PCA demand button
when their NRS score reached > 4, and they could repeat this action until their pain experienced clinically meaningful
alleviation. Inadequate postoperative analgesia was defined as an NRS score greater than 4 despite receiving the
maximum allowable sufentanil dose via the PCA device. If a patient experienced insufficient analgesia after five
consecutive sufentanil boluses, the bolus dose was increased to 3 pg, and the maximum hourly dose was raised to
12 pg. All other factors of the postoperative rehabilitation process were kept consistent between groups.

Outcome Measures

The primary outcome measure was cumulative sufentanil consumption (pg) delivered through the PCA pump over 48-
hour postoperative period. Secondary outcomes included several key elements: timing of the first analgesic request, as
denoted by participants pressing the PCA demand button; the cumulative amount of sufentanil consumption by PCA at 2,
4, 8, and 24h postoperatively, NRS scores for pain (spanning a scale from 0, which denotes the absence of pain, to 10,
signifying the most excruciating pain imaginable) at 2, 4, 8, 24, 48, and 72 h, as well as at 1 week, 2 weeks, and 1 month
postoperatively; PONV scores (categorized as 0 for absent; 1 for nausea not requiring treatment; 2 for nausea requiring
treatment; along with 3 for vomiting) at 2, 4, 8, 24, and 48 hours postoperatively; length of stay (LOS), denoted
hospitalization duration following surgery; and wound healing scores (with a total score of 3 indicating optimal wound
healing, a score of 4-5 suggesting good wound healing, and a score of 6 or higher indicating suboptimal wound healing)
assessed at 1 month postoperatively. Additionally, the frequency of emergency BP reduction and instances of respiratory
depression within the 8-hour postoperative period were recorded. Safety evaluations focused on steroid-induced
complications, including wound infection, hematoma, impaired wound healing, chest infection, and gastric ulcers, during
hospitalization. All AEs were closely monitored and promptly addressed. The study team validated suspected AEs
whenever possible, and only AEs deemed related to the study were recorded. The follow-up assessments were performed
by experienced research personnel who were blinded to the study. Data on the outcomes following discharge were
collected during in-person follow-up visits or through video calls.

Sample Size

The sample size was determined based on data sourced from previously published studies.'” Power Analysis and Sample
Size (PASS) V.15 software (NCSS). Drawing on insights from prior research as well as our clinical experience, we found
that participants receiving preemptive scalp infiltration with 0.5% ropivacaine would require approximately 40+20 pg of
sufentanil postoperatively, and postoperative pain intensity or analgesic requirements would decline by approxi-
mately 30% to 40% with the addition of triamcinolone acetonide. Consequently, we projected that the sufentanil dose
in the triamcinolone acetonide group would be 26+20 g within the first 48 hours after surgery. To achieve 90% power to
detect a statistically significant difference (two-sided a = 0.05; 2-sided), an initial sample size of 44 participants per
group was deemed necessary. Considering a 20% withdrawal rate, the sample size in each group was 55 patients.

Statistical Analysis

All analyses adhered to both the ITT and PP principles. Normality and homogeneity of data distribution were assessed
using the Kolmogorov—Smirnov test. Normally distributed data are summarized as means with standard deviation (SD),
while skewed data are described as medians with interquartile ranges (IQRs). Categorical data were expressed as
frequencies and percentages (%). When dealing with continuously distributed variables, repeated-measures ANOVA
was used for analysis, including NRS data, whereas the Wilcoxon rank-sum test was used for skewed data. Nominal
variables were compared using the % test or Fisher’s exact test. Given the potential influence of craniotomy location on
postoperative pain, surgical site (categorized as infratentorial vs supratentorial) was included as a pre-specified covariate
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in the primary mixed-effects model. Additionally, exploratory subgroup analyses were conducted to assess the consis-
tency of treatment effects across craniotomy sites. Subgroup analyses were performed across five predefined categories:
age (< 45 and > 45 years), sex (male and female), length of incision (< 20 and > 20 cm), duration of surgery (<4.0 h and
> 4.0 h) and surgical site (supratentorial and infratentorial). To compare the time to the first rescue medication
consumption, a univariate Cox proportional hazards model was used. Treatment effects are reported as mean differences
along with their respective 95% ClIs. All analyses were two-tailed, and statistical significance was set as a p-value of
<0.05. Safety analyses were performed within the safety dataset, comparing the incidence of AEs using the y’-test or
Fisher’s exact test based on the actual treatment received. All statistical analyses were conducted by statisticians who
were blinded to the allocation and the intervention process. Multiple imputations were used to handle missing data on
outcomes at one month. Data analysis was performed using SPSS version 25.0.

Results
Study Population

Out of the 149 individuals screened, 110 met the inclusion criteria, provided informed consent, and were randomly
assigned to groups (Figure 1). The 39 excluded participants did not meet the criteria (n=15), declined to participate (n=2),
or were unavailable because of study personnel constraints (n=22). The participants were equally divided into a treatment

[ Enroliment ] Assessed for eligibility (n=149)

Excluded (n=39)

+ Not meeting inclusion criteria (n=15)
————| + Declined to participate (n=2)

+ Other reasons (n=22)

Randomized (n=110)

l

L 4 [ Allocation ] v
Allocated to Treatment group (n=55) Allocated to Control group (n=55)
+ Received allocated intervention (n=55) + Received allocated intervention (n=55)
+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (n=0)
v [ Follow-Up 1 v
A J
Lost to follow-up (3 patients withdrawn Lost to follow-up (3 patients withdrawn
voluntarily, 1 patient withdrawal of informed voluntarily, 3 patients withdrawal of informed
consent, 1 patient had redo procedure) consent)
[ Analysis ] l
A 4
ITT Analysis (n=55) ITT Analysis (n=55)
+ Excluded from analysis (n=0) + Excluded from analysis (n=0)
PP Analysis (n=50) PP Analysis (n=49)

Figure | CONSORT Patient Flow Diagram lllustrating Numbers Analyzed in Each Group.
Notes: Treatment group: ropivacaine plus triamcinolone acetonide group; control group: ropivacaine alone group.
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group (n=55) and a control group (n=55). All randomized patients were analyzed using the ITT approach, while 99
patients (50 in the treatment group and 49 in the control group) completed the study and were included in the PP analyses
(Figure 1).

Baseline Characteristics and Intraoperative Outcomes
At baseline, all demographic and clinical characteristics of both groups were similar, with no statistically significant
differences found in factors such as surgical site distribution, volume of local anesthetic used, intraoperative remifentanil
dosage, operative duration, or anesthesia duration. (Table 1).

Hemodynamic parameters, including HR (Figure 2A) and MAP (Figure 2B), remained stable and comparable
throughout the procedure.

Primary Efficacy Outcome

The treatment group demonstrated a statistically significant reduction in 48-hour cumulative sufentanil consumption compared to
the control group (8.4 + 5.2 pg vs 32.7 = 12.2 ng; mean difference: —24.3, 95% CI: —27.8 to —20.7; p < 0.001) (Table 2). This
finding was consistent with the PP analysis (mean difference: —24.1, 95% CI: —27.8 to —20.5; p < 0.001) (Table S1). The
subgroup analysis results indicated trends consistent with the primary outcome measures across the five subgroups: age (< 45
years and > 45 years), sex (male and female), length of incision (< 20 cm and > 20 cm), duration of surgery (< 4.0 hours and
> 4.0 hours) and surgical site (supratentorial and infratentorial), with no significant interaction (Figure 3).

Secondary Outcomes

The time to the first PCA request was notably prolonged in the treatment group (median: 30 h vs 12 h; hazard ratio: 0.11,
95% CI: 0.07 to 0.18; log-rank p < 0.0001) (Figure 4). Sufentanil consumption was significantly lower in the treatment
group compared with the control group at 2, 4, 8, and 24 h after craniotomy surgery (p < 0.001) (Table 2). A statistically
significant decrease in NRS pain scores was observed in the treatment group compared with the control group at all

Table | Patient Baseline and Perioperative Characteristics

Treatment Control p value
Group (n=55) | Group (n=55)

Demographic data

Age (yr) 44.7£12.4 45.2%11.1 0.827
BMI (kg/cm?) 24.2+3.1 24.4+16.8 0.923
Sex (n [%]) 0.252
Male 23[41.8%] 29[52.7%)
Female 32[58.2%] 26[47.3%)
ASA physical status (n [%]) 0.163
| 39[70.9%] 32[58.2%]
Il 16[29.1%] 23[41.8%]
Surgical variables
Location (n [%]) 0.506
Supratentorial 43[78.2%] 40[72.7%]
Infratentorial 12[21.8%] 15[27.3%]
Length of incision (cm) 20.0+4.0 19.7£2.7 0.728
Amount of local anesthetic (mL) 22.0+£5.0 23.6x4.1 0.075
Intraoperative variables
Intraoperative remifentanil dosage (mg) | 3.1x1.2 3.1%15 0.933
Duration of surgery (h) 4.1£1.0 3.8%1.2 0.218
Duration of anesthesia (h) 4.9%1.1 4.8+1.3 0.771

Notes: Values are mean + SD for continuous variables and n (%) for categorical. Treatment group:
ropivacaine plus triamcinolone acetonide group; control group: ropivacaine alone group.
Abbreviations: BMI, Body mass index; ASA, American Society of Anesthesiologists.

6 htps: Journal of Pain Research 2026:19


https://www.dovepress.com/article/supplementary_file/593180/593180_Supplementary%20Information.docx

Liu et al

100~
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20

—o— Treatment group

--©- Control group

120~

100+

80

60—

MAP (mmHg)

40

-- Treatment group
~©- Control group

20

Figure 2 Intraoperative HR (A) as well as MAP (B) at each time point.
Notes: Data are presented as mean with 95% CI throughout the study period. There were no statistically significant differences in the perioperative HR and MAP. tl, before
anesthetic induction; t2, after anesthetic induction; t3, during scalp infiltration; t4, during skull drilling; t5, during dural incision; té, during skin closure; t7, at the end of

surgery. Treatment group: ropivacaine plus triamcinolone acetonide group; control group: ropivacaine alone group.

Abbreviations: HR, heart rate; MAP, mean arterial pressure.

postoperative time points (2h to 1 month; p < 0.001 for all comparisons) (Table 2). While no difference was observed at
2 h (p = 0.302), the treatment group exhibited a significantly lower PONV incidence at 4, 8, 24, and 48 h postoperatively
(p <0.05) (Table 2). At the 1-month follow-up, the wound healing scores did not differ significantly between the groups
(p =0.097), although a greater proportion of patients in the treatment group achieved “excellent” healing (45 [81.8%] vs
37 [67.3%] in the controls) (Table 2). The LOS was comparable between the groups (Table 2).

Table 2 Primary as Well as Secondary Outcomes

Treatment Group | Control Group Mean Difference or p value
(n=55) (n=55) RR (Estimate 95% CI)
Primary outcome
Sufentanil consumption within 48 hours 8.4+5.2 32.7+12.2 —24.3 (—27.8 to —20.7) <0.001
postoperatively (ug)
Secondary outcomes
Duration of hospital stay (days) 15.1%3.1 15.4+3.0 —0.3 (1.4 t0 0.9) 0.660
Sufentanil consumption (ug)
Within 2 hours 1.2%1.1 5.5%£2.9 —4.2 (-5.1 to —3.4) <0.001
Within 4 hours 4.2+3.0 15.4+5.8 —11.2 (=129 to —9.4) <0.001
Within 8 hours 8.3+4.2 25.948.1 —17.5 (-20.0 to —15.1) <0.001
Within 24 hours 13.4+6.5 35.8£11.1 —22.4 (—25.8 to —19.0) <0.001
(Continued)
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Table 2 (Continued).

Treatment Group | Control Group Mean Difference or p value
(n=55) (n=55) RR (Estimate 95% CI)
NRS scores
At 2 hours 0 (0-0) I (1-2) <0.001°
At 4 hours 0 (0-0) I (1-2) <0.001°
At 8 hours 0 (0-0) 2 (1-2) <0.001°
At 24 hours 0 (0-0) 3(2-3) <0.001°
At 48 hours 0 (0-0) 2 (2-3) <0.001°
At 72 hours 0 (0-0) 3(1-3) <0.001°
At | week 0 (0-0) 2 (0-3) <0.001°
At 2 weeks 0 (0-0) 2 (0-3) <0.001°
At | month 0 (0-0) 0 (0-3) <0.001°
PONV
At 2 hours 0 (0-1) 0 (0-0) 0.302
At 4 hours 0 (0-0) 0 (0-1) 0.002
At 8 hours 0 (0-0) 0 (0-1) 0.005
At 24 hours 0 (0-0) 0 (0-0) <0.001
At 48 hours 0 (0-0) 0 (0-0) 0.001
Wound healing
Wound healing scores at | month (n [%]) <0.001
Suboptimal (6+) 54[98.2%] 34[61.8%]
Very good (4-5) I[1.8%] 19[34.5%]
Excellent (3) 0 2[3.6%]

Notes: Data are represented as mean * SD (normally distributed data), median (IQR) (non-normally distributed data), and number (%); Treatment group:
ropivacaine plus triamcinolone acetonide group; control group: ropivacaine alone group. * Wilcoxon rank-sum test. b Repeated-measures ANOVA.
Abbreviation: NRS, Numeric Rating Scale.

Adverse Events
Neither group experienced any serious AEs during the intraoperative or postoperative period, and no additional AEs or

drug reactions specifically associated with the ISI of triamcinolone acetonide were observed (Table 2).

Subgroups No. of Treatment Control group Mean difference (95%CI) P value for P value for
patients  group subgroups interaction

Sufentanil consumption

Overall 110 29.0+10.7 38.3+13.7 -9.3[-13.4t0 -5.1] - o
Age 1 0.585
<45 year 54 8.0£5.2 31.3+13.4 -23.2(-28.8 to -17.7) —— E <0.001
>45 year 56 8.8+5.1 34.1+10.8 -25.4(-30.0 to -20.7) - <0.001
Sex 1 0.057
Male 52 8.0+4.3 35.5+13.7 -27.5(-33.0 to -22.0) —— 1 <0.001
Female 58 8.7+£5.8 29.549.5 -20.8(-25.1to -16.5) - <0.001
Location 1 0.326
Supratentorial 83 8.5£5.4 31.6+13.2 -23.1(-27.5 to -18.8) - 1 <0.001
Infratentorial 27 8.2+4.3 35.6£8.5 -27.3(-32.6 to -22.1) e 1 <0.001
Length of incision 1 0.727
<20 cm 51 7.8+5.1 31.0+10.7 -23.2 (-27.9 to -18.5) re <0.001
>20 cm 59 8.9+£5.3 34.2+13.3 -25.3(-30.7 t0 -19.9) e 1 <0.001
Duration of surgery 1 0.512
<4.0h 55 9.0+6.3 31.3+£12.6 -22.2(-27.5t0-17.0) el 1 <0.001
>4.0h 55 7.9+4.1 34.5+11.5 -26.6 (-31.6 to -21.5) - 1 <0.001
PR

Treatment  Control group
group better  better

Figure 3 Outcomes of Subgroup Analysis for Primary Outcome Measures.
Notes: Treatment group: ropivacaine plus triamcinolone acetonide group; control group: ropivacaine alone group.
Abbreviation: Cls, confidence intervals.
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100 I —

First press the PCA button(%)

50 R —
Log-rank P < 0.0001
.’"*‘1 HR=0.11,95%C(0.07-0.18)
b - 3’""
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Figure 4 Kaplan-Meier Analysis of First Analgesia Demand Time After Preemptive ISI (Treatment group vs Control group).
Notes: Treatment group: ropivacaine plus triamcinolone acetonide group; control group: ropivacaine alone group.
Abbreviations: IS, Incision-site Infiltration; Cl, indicates confidence interval; HR, hazard ratio.

Discussion

The main finding of this prospective, randomized, open-label clinical trial is that, compared with ropivacaine alone,
preemptive ISI of ropivacaine plus triamcinolone acetonide can significantly reduce cumulative sufentanil consumption
within 48h after craniotomy and improve pain control during postoperative 1month. These encouraging results provide
a high level of evidence-based medical evidence for this multimodal analgesic strategy.

Although our previous study found a 30% reduction in analgesic consumption with dexamethasone as an adjuvant, this
study showed that triamcinolone acetonide achieved 74% reduction. This markedly greater effect is likely due to the more
potent local anti-inflammatory action of triamcinolone compared to that of water-soluble dexamethasone.'® Our findings
regarding opioid reduction are inherently tied to the specific multimodal analgesic regimen employed at our institution.
Consequently, the generalizability of these results is limited. Given the substantial variability in postoperative analgesia
practices worldwide, the observed magnitude of the opioid-sparing effect may differ under alternative clinical protocols. The
results of subgroup analysis indicated a consistent trend with sufentanil consumption among the five subgroups (age, sex,
incision length, duration of surgery and surgical site), with no significant interaction. But subgroup analyses are under-
powered, with sample size may not be sufficient to detect minor interactions, and therefore the results should be presented as
exploratory rather than definitive.>**> While this study excluded patients with severe systemic diseases (including uncon-
trolled hypertension, severe renal or hepatic impairment, mental disorders, serious neurological conditions, cardiomyopathies,
arrhythmias, elevated intracranial pressure, or a history of brain trauma) and performed subgroup analyses by surgical site, the
interpretation of our PCA outcomes could be further strengthened by a more comprehensive consideration of surgical site
variability and underlying disease burden. Future studies should consider stratifying or adjusting for these factors to better
isolate the treatment effect and enhance the clinical applicability of findings.

The median time to the first analgesic request through the PCA pump was 30 hours in the treatment group, which was
significantly longer than that in the control group. It is important to note that PCA sufentanil consumption, though an
objective endpoint, may reflect patient alertness in addition to pain intensity. Despite our protocol-driven exclusion of
patients with major neurological complications, residual confounding from subtle differences in alertness cannot be
completely ruled out. Incorporating objective measures of sedation or neurological recovery in future studies would help
address this limitation.

In addition to reduced analgesic consumption, the treatment group exhibited notably lower NRS pain scores at every
postoperative interval (from 2 h to 1 month) than the control group, suggesting potential clinical importance. Additional
benefit of corticosteroid use is its postoperative antiemetic property. Postoperative nausea typically peaks within the first
24 h post-surgery, and IV dexamethasone administration has proven effective in preventing it.”* Moreover, periarticular
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corticosteroid administration exhibits an antiemetic effect following surgical procedures.”® This study showed that the
preemptive ISI of triamcinolone acetonide can reduce PONV incidence at 4, 8, 24, and 48 h post-surgery. One possible
reason is that the triamcinolone acetonide group had reduced cumulative sufentanil consumption, thereby lowering the
incidence of opioid-related nausea and vomiting.>¢

Complications of glucocorticoid treatment such as hypertension, hyperglycemia, and peptic ulcers are frequently
linked to high- and long-lasting systemic utilization.”’ In this study, the average dose of triamcinolone acetonide was
7.33 mg per patient, which was lower than the clinical dose of 1040 mg.>'*” Therefore, none of the patients experienced
systemic side effects related to triamcinolone acetonide. Although no infections or wound complications were reported in
this study, the use of corticosteroids in neurosurgical incisions raises theoretical concerns regarding wound healing. No
adverse effects of triamcinolone acetonide on wound healing or infection rates were observed, and a higher proportion of
patients in the triamcinolone acetonide group exhibited “good” wound healing. The finding that no adverse events were
observed is not definitive given the limited sample size. Nevertheless, the theoretical risk of postoperative infection
associated with steroid use warrants specific attention. Future research with larger sample sizes and adequate statistical
power is essential to comprehensively assess the safety of pre-emptive ISI with ropivacaine combined with triamcinolone
acetonide, including the potential for infection and other steroid-related AEs. Triamcinolone acetonide can minimize
detrimental cascade by limiting localized edema, reducing edema at the edge of the wound, and thereby alleviating
excessive tension on sutures or staples, maybe it is more conducive to promoting the healing of surgical incisions.*® It is
reported that corticosteroids can reduce discomfort along the incision line after surgery. Whether it can reduce the
formation of incision scars and lower the incidence of scar pain requires further studied.?®

Post-craniotomy pain is superficial and attributed to surgical incision reflection of the underlying scalp muscles rather
than the brain tissue itself. Prior research has elucidated a shared mechanism for incisional pain, wherein inflammatory
mediators released following tissue damage activate the peripheral nociceptors. This abnormal stimulation, conveyed by
A8 and C-fibers, induces localized pain after tissue injury.'”**>° Glucocorticoids counteract inflammatory responses by
inhibiting elements, such as bradykinin, prostaglandins, and leukotrienes, thereby diminishing inflammation and its
associated signs and symptoms. These results suggest that addition of triamcinolone acetonide alters the nociceptive
cascade during craniotomy. Triamcinolone acetonide, which is water-insoluble, has a prolonged duration of action that
extends for up to 14 days. Notably, our findings revealed sustained pain relief in the triamcinolone acetonide group even
one month after craniotomy. However, whether there was a difference in chronic pain more than three months after
craniotomy still requires an expanded sample size as well as an extended duration of follow-up.””"

This study has several strengths. First, we successfully enrolled a predetermined number of patients based on our
sample size calculation, and achieved high adherence and follow-up rates. Consequently, statistical inferences
remained consistent across PP and ITT populations; Secondly, the trial’s pragmatic design and wide-ranging criteria
enhance clinical applicability of the results to patients undergoing craniotomy; Thirdly, by closely mirroring daily clinical
practices, the trial ensures high external validity for our findings; Lastly, our primary outcome (48 hours escape sufentanil
use) serves as a comprehensive proxy for patients’ overall pain experience, thereby amplifying its clinical significance.

This trial had some limitations. First, as a pragmatic trial, blinding surgeons and anesthesiologists for treatment allocation is
infeasible in practice. The lack of surgeons and anesthesiologists blinding could introduce potential bias due to different patient
management during surgery. The absence of a protocol-specified dose per unit of incision length constitutes a limitation, as it may
hinder the precise replication of this study; Secondly, our findings on opioid consumption are confined to initial 48 hours post-
surgery, and pain levels were only assessed up to one month after, leaving the long-term adjuvant analgesic potential of
triamcinolone uncertain based on our current data; Thirdly, since we examined the effects of triamcinolone at doses below 10 mg,
we cannot generalize our conclusions to other dosages or treatment regimens of drug; Fourthly, although blood sugar levels were
not evaluated as an outcome, prior studies suggest that any increase caused by triamcinolone is minimal; Fifthly, the postoperative
analgesic regimen limited to sufentanil PCA with ondansetron, without adjunct non-opioid agents such as acetaminophen or
NSAIDs. This may have contributed to the high opioid requirements observed in the control group. Sixth, the subgroup analyses
were exploratory and underpowered, as the sample size was calculated for the primary outcome in the overall population.
Furthermore, these analyses were not adjusted using a mixed-effects model. Therefore, no definitive conclusions should be drawn
from these findings. Future research should delve into other potential subgroup factors, such as genetic profiles, lifestyle, and
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comorbidities to better understand the impact of interventions across diverse populations. Seventh, absence of pre- and
postoperative inflammatory marker measurements (eg, IL-6, CRP) represents a limitation of this study. While we hypothesize
that the prolonged analgesic effect observed with triamcinolone acetonide is mediated by its anti-inflammatory properties, we
cannot provide direct biochemical evidence to support this mechanism. Future studies should incorporate serial measurements of
relevant inflammatory cytokines to confirm the mechanistic pathway. It is important to note that PCA sufentanil consumption,
though an objective endpoint, may reflect patient alertness in addition to pain intensity. Despite our protocol-driven exclusion of
patients with major neurological complications, residual confounding from subtle differences in alertness cannot be completely
ruled out. Incorporating objective measures of sedation or neurological recovery in future studies would help address this
limitation. Finally, our trial’s findings may not be applicable to patients who do not meet the eligibility criteria, highlighting the
need for further research in broader patient groups.

Conclusion

Pre-emptive ISI with triamcinolone acetonide combined with ropivacaine was associated with enhanced postoperative
analgesia, reduced sufentanil consumption, and a lower incidence of PONV in craniotomy patients, with no severe AEs
reported. Although these preliminary results suggest a potential role for this combination in multimodal analgesia, larger
multicenter trials are warranted to validate its efficacy, generalizability, and safety.
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