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Abstract

Background/Objectives: Both erector spinae plane block (ESPB) and thoracic paravertebral
block (TPVB) are widely used for thoracic surgery analgesia, but comparative evidence
remains inconsistent. This meta-analysis compared their analgesic efficacy and safety with
time-stratified analyses and trial sequential analysis (TSA). Methods: We searched MED-
LINE, Embase, Web of Science, and CENTRAL (inception to January 2026) for randomized
controlled trials (RCTs) and observational studies comparing ESPB with TPVB in adults un-
dergoing thoracic surgery. Primary outcomes were pain scores at rest and during coughing
at 0–6 h, 24 h, and 48 h postoperatively. Secondary outcomes included opioid consumption
and adverse events. Random-effects meta-analyses were performed. Evidence certainty
was assessed using GRADE. Results: Twenty-five studies (22 RCTs, 3 observational studies;
1847 patients) were included. TPVB provided superior early analgesia (0–6 h) at rest (SMD
0.25, 95% CI 0.03–0.47) and during coughing (SMD 0.28, 95% CI 0.02–0.54); TSA confirmed
firm evidence for early pain at rest. Pain scores at 24 h and 48 h were comparable between
techniques. TPVB reduced 24 h opioid consumption (SMD 0.42, 95% CI 0.11–0.73), but
evidence certainty was low due to heterogeneity and insufficient information size by TSA.
No differences were observed in postoperative nausea and vomiting or hypotension. Con-
clusions: ESPB and TPVB provide comparable analgesia beyond the early postoperative
period. TPVB demonstrates superior early analgesia (0–6 h) with firm evidence, but opioid-
sparing effects remain uncertain. Both techniques are safe. ESPB represents a practical
alternative to TPVB, particularly where technical simplicity is prioritized.

Keywords: erector spinae plane block; thoracic paravertebral block; thoracic surgery;
postoperative analgesia; meta-analysis

1. Introduction
Effective analgesic strategies after thoracic surgery contribute to improved recovery

trajectories and a lower risk of postoperative complications. Significant postoperative
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pain frequently follows thoracotomy and video-assisted thoracoscopic surgery (VATS),
influencing respiratory performance and functional recovery, and may be associated with
the development of long-lasting postoperative pain [1,2]. Inadequate pain control during
the early postoperative period can further suppress effective coughing and deep breathing,
thereby increasing pulmonary complications [3].

Thoracic paravertebral block (TPVB) is a well-established regional analgesic modality
in thoracic surgical practice, with well-established efficacy in reducing pain scores and
opioid consumption [4,5]. However, TPVB is technically demanding and carries risks such
as pneumothorax, vascular injury, and unintended neuraxial spread, potentially limiting
its use in certain patient populations [6].

The erector spinae plane block (ESPB) has emerged as a technically simpler and
potentially safer alternative [7]. Performed under ultrasound guidance, ESPB involves
injection of local anesthetic deep into the erector spinae muscle, with proposed analgesic
mechanisms including diffusion into the paravertebral space or modulation of spinal nerve
rami [7,8]. Despite its increasing clinical adoption, the precise mechanism and relative
analgesic efficacy of ESPB remain incompletely understood.

To date, randomized controlled trials (RCTs) and observational studies (OSs) com-
paring ESPB and TPVB have reported inconsistent results, particularly regarding early
postoperative analgesia and opioid requirements. These discrepancies may reflect differ-
ences in study design, timing of outcome assessment, and perioperative analgesic protocols,
contributing to ongoing uncertainty in clinical decision-making.

Although previous meta-analyses have attempted to synthesize available evidence,
many were limited by small sample sizes, heterogeneous outcome definitions, lack of time-
specific analyses, or restricted evaluation of safety outcomes [9,10]. Therefore, this study
presents a systematic synthesis of the available evidence comparing ESPB and TPVB in
adult patients undergoing thoracic surgery. By incorporating both RCTs and OSs, applying
time-stratified outcome analyses, and using trial sequential analysis, this study aims to
provide clinically applicable evidence to support regional analgesic decision-making in
thoracic surgery.

2. Materials and Methods
2.1. Study Design and Registration

This systematic review and meta-analysis followed a prespecified protocol developed
prior to data extraction and analysis. The study was planned and reported in alignment
with the methodological principles outlined in the PRISMA 2020 statement, with the
completed checklist provided in the Supplementary Materials (File S1).

A prespecified protocol was recorded in the International Prospective Register of
Systematic Reviews before the review commenced (PROSPERO; registration number
CRD420261277015) on 3 January 2026. All eligibility criteria, outcome definitions, and
analytical approaches were defined a priori to reduce the risk of selective outcome reporting
and analytical bias.

2.2. Eligibility Criteria

Eligibility was determined using prespecified criteria covering patient characteris-
tics, interventions, comparators, outcome measures, and study design. The population
included adult patients (≥18 years) undergoing thoracic surgery, including thoracotomy
and VATS. The intervention of interest was ESPB, administered as either a single-shot
or continuous technique, and the comparator was TPVB, performed using single-shot or
continuous approaches.
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The primary outcomes were postoperative pain scores at rest and during coughing
or movement, assessed using VAS or NRS. These outcomes were analyzed both as overall
pooled estimates and at predefined postoperative time points (0–6 h, 24 h, and 48 h).
Secondary outcomes included cumulative opioid consumption, evaluated overall and
at 24 h and 48 h after surgery with conversion to oral morphine equivalents, as well as
adverse events such as PONV and hypotension. Eligible study designs included RCTs and
OSs, including cohort and case–control studies.

Only peer-reviewed full-text studies involving elective thoracic surgery and reporting
at least one primary outcome were included. Multi-arm studies were considered eligible
when extractable data for a direct ESPB versus TPVB comparison were available and
concomitant analgesic regimens were identical between groups. Studies involving pediatric
populations, non-thoracic procedures, non-comparative designs, or insufficient quantitative
data were excluded. Given the limited number of RCTs, OSs were additionally included to
enhance clinical relevance.

2.3. Search Strategy

Literature relevant to comparisons between ESPB and TPVB in thoracic surgery was
systematically identified through searches of four electronic databases: MEDLINE (via
PubMed), Embase (via Ovid), Web of Science, and CENTRAL. Searches covered the period
from database inception to 5 January 2026.

Search queries incorporated controlled vocabulary terms and text-based keywords
describing ESPB, TPVB, and thoracic surgical procedures. For each database, search
expressions were adapted to reflect database-specific syntax and indexing conventions.

The search strategy was structured around three core concepts: (1) erector spinae plane
block, (2) thoracic paravertebral block, and (3) thoracic surgery–related procedures. The
full list of search terms, Boolean operators, and database-specific adaptations is provided
in File S2.

To identify studies not retrieved through database searches, clinical trial registries were
additionally searched using keywords consistent with the primary search concepts. Bibli-
ographies of included articles and relevant systematic reviews were also examined to iden-
tify further eligible studies. No restrictions on language or publication date were applied.

2.4. Study Selection

All retrieved records were managed using EndNote X9 (Clarivate Analytics, Philadel-
phia, PA, USA), and duplicate entries were identified and removed. Title and abstract
screening were performed independently by two reviewers, after which potentially eligible
studies underwent full-text evaluation. Discrepancies were resolved through discussion,
and a third reviewer was consulted when agreement could not be achieved. Decisions
made during full-text assessment, including reasons for exclusion, were documented. The
study selection process is summarized in a PRISMA 2020 flow diagram.

2.5. Data Extraction

Data extraction was performed independently by two reviewers using a prespecified
standardized form. Information collected comprised bibliographic details (first author, year
of publication, country, and study design), the number of participants in each treatment
group, and surgical characteristics, including thoracotomy and VATS.

The primary outcomes were postoperative pain scores assessed at rest and during
coughing or movement using VAS or NRS. These outcomes were evaluated both as pooled
estimates across all reported perioperative time points and at predefined postoperative
intervals of 0–6 h, 24 h, and 48 h. When outcome data were not reported at the exact
predefined time points, the closest available values were extracted; if multiple measure-
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ments were available within the 0–6 h postoperative window, the earliest reported value
was selected.

Cumulative opioid consumption was analyzed as an overall pooled estimate and sepa-
rately at 24 h and 48 h after surgery. All opioid doses were converted to oral morphine equiv-
alent doses (OMEDs) to ensure comparability across studies. Secondary outcomes included
adverse events such as postoperative nausea and vomiting (PONV) and hypotension.

In multi-arm studies, data were extracted exclusively from the ESPB and TPVB groups
when a direct comparison was available and concomitant analgesic regimens were identical
across groups. When continuous outcomes were reported as medians with interquartile
ranges, corresponding means and standard deviations were estimated using established
statistical conversion methods. When numerical outcome data were presented exclusively
in graphical form, values were extracted using WebPlotDigitizer software (version 4.6;
Ankit Rohatgi, Austin, TX, USA).

All extracted data were independently verified by both reviewers. Initial disagree-
ments were reconciled through joint evaluation, with an independent third reviewer con-
sulted for remaining differences.

2.6. Quality Assessment and Risk of Bias Assessment

Methodological quality and risk of bias were evaluated according to study design
by two reviewers working independently. RCTs were assessed using the Cochrane
RoB 2 tool (Cochrane Collaboration, London, UK), whereas OSs were evaluated with the
Risk of Bias Assessment tool for Non-randomized Studies (RoBANS; National Evidence-
based Healthcare Collaborating Agency, Seoul, Republic of Korea) [11,12]. Any differences
in judgment were resolved through discussion, with consultation of a third reviewer when
required. The outcomes of the risk-of-bias assessments are presented in tabular format.

2.7. Statistical Analysis

Statistical analyses were conducted using Comprehensive Meta-Analysis software
(version 2.0; Biostat Inc., Englewood, NJ, USA). Continuous outcomes were summarized as
standardized mean differences (SMDs) with corresponding 95% confidence intervals (CIs),
whereas dichotomous outcomes were expressed as risk ratios with 95% CIs. All analyses
were performed using two-sided tests, with statistical significance defined as a p-value of
less than 0.05.

Between-study heterogeneity was evaluated using Cochran’s Q statistic and the I2

metric, with the between-study standard deviation (τ) estimated via the DerSimonian–
Laird approach. A random-effects model was specified a priori and applied consistently
across all analyses, independent of the observed level of heterogeneity. Prediction intervals
were derived when τ2 exceeded zero. Prespecified subgroup analyses based on study
design and sensitivity analyses using a leave-one-out strategy were conducted to assess the
robustness of the pooled estimates.

Assessment of publication bias was conducted for outcomes reported by at least
10 studies. Funnel plots were examined to evaluate potential asymmetry, and small-study
effects were assessed using Egger’s regression test and Begg’s rank correlation test. When
evidence suggestive of publication bias was identified, trim-and-fill analyses were applied
to explore its possible influence on the pooled effect estimates.

2.8. Trial Sequential Analysis

Trial sequential analysis (TSA) was undertaken to evaluate whether the accumu-
lated evidence was sufficient to support definitive conclusions for the primary outcomes.
TSA was performed using TSA software (version 0.9.5.10 Beta; Copenhagen Trial Unit,
Copenhagen, Denmark) and was restricted to data derived from RCTs.
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The analysis was designed using a two-tailed significance threshold of 0.05 and an
assumed power of 80%. The required information size (RIS) and trial sequential moni-
toring boundaries for benefit, harm, and futility were calculated for both continuous and
dichotomous outcomes. Evidence was considered conclusive when the cumulative Z-curve
crossed a trial sequential monitoring boundary or reached the RIS.

2.9. Certainty of Evidence

The certainty of evidence for each outcome was assessed using the Grading of Recom-
mendations Assessment, Development and Evaluation (GRADE) approach and rated as
high, moderate, low, or very low.

3. Results
3.1. Study Selection and Characteristics

The literature search yielded 1390 records from electronic databases (PubMed, n = 416;
Embase, n = 349; CENTRAL, n = 212; Web of Science, n = 353) and an additional 60 records
from clinical trial registries. Following the elimination of 437 duplicate entries, 953 records
underwent title and abstract screening. Of these, 928 were excluded for lack of relevance
to the research objective, leaving 25 articles for full-text evaluation. All 25 articles met the
eligibility criteria and were included in the systematic review and meta-analysis (Figure 1).

C 
0 

00 

Identification of studies via databases and registers 

Records identified from: _. Records removed before screening: 

Databases (n = 1330) 
Duplicaie records removed (n = 437) 

- Pubmed (n = 416) 
- Embase (n = 349) 
- CENTRAL (n = 212) 
- Web of science (n = 353) 

Registers (n = 60) 

I-------+ 
Records excluded (n = 928) 

Records screened - Without direct comparison (n = 551) 
(n = 953) - Ineligible study design (n = 163) 

- Inappropriate population (n = 91) 
- Non-thoracic surgery (n = 84) 
- Insufficient information (n = 37) 
- Duplicate records (n = 2)

Reports sought for retrieval 
- Reports not retrieved (n = 0)(n = 25) 

Reports assessed for eligibility 14 Reports excluded (n = 0) I (n = 25) 

Studies included in review (n = 25) 
Reports of included studies (n = 25) 

Figure 1. PRISMA 2020 flow diagram summarizing study identification and selection. Database
searches yielded 1390 records, from which 437 duplicate entries were removed. Screening of titles
and abstracts resulted in the exclusion of 928 records for reasons including unsuitable comparators,
non-eligible study designs, irrelevant populations or surgical indications, inadequate information, or
duplication. The remaining 25 studies satisfied the inclusion criteria and were incorporated into the
qualitative and quantitative analyses.
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Overall, 25 studies comprising 1834 patients were included, refs. [13–37], consisting of
22 RCTs (1423 patients) [13–34] and three OSs (411 patients) [35–37]. Key characteristics of
the included studies are presented in Table 1.

Table 1. Overview of studies included in the meta-analysis.

Study Country Study Design ESPB Group (n) TPVB Group (n) Surgery Type

Andrade Filho et al. 2024 [13] Brazil RCT 61 59 Mixed
Baser et al. 2025 [14] Turkey RCT 30 30 Thoracotomy
Chen et al. 2020 [15] China RCT 25 25 Thoracoscopy
Das et al. 2022 [16] India RCT 30 28 Thoracotomy

Duran et al. 2024 [17] Turkey RCT 23 22 Thoracotomy
Durey et al. 2023 [35] France OS 54 53 Thoracoscopy
Fang et al. 2019 [18] China RCT 45 46 Thoracotomy

Fu et al. 2022 [19] China RCT 20 20 Thoracoscopy
Geyik et al. 2024 [20] Turkey RCT 25 25 Thoracotomy
Kim et al. 2022 [21] S. Korea RCT 26 26 Thoracoscopy

Kukreja et al. 2021 [36] USA OS 20 34 Mixed
Li et al. 2025 [22] China RCT 22 24 Thoracoscopy

Mogahed et al. 2024 [23] Egypt RCT 35 35 Thoracoscopy
Moorthy et al. 2023 [24] Ireland RCT 37 37 Thoracoscopy

Sertcakacilar et al. 2022 [37] Turkey OS 136 114 Thoracoscopy
Sun et al. 2022 [25] China RCT 59 56 Thoracoscopy
Sun et al. 2024 [26] China RCT 25 25 Thoracoscopy

Taketa et al. 2019 [27] Japan RCT 41 40 Thoracoscopy
Turhan et al. 2021 [28] Turkey RCT 35 35 Thoracoscopy
Wang et al. 2025 [29] China RCT 36 37 Thoracoscopy

Zengin et al. 2023 [30] Turkey RCT 25 25 Thoracoscopy
Zhang et al. 2022 [31] China RCT 22 22 Thoracoscopy
Zhang et al. 2023 [32] China RCT 33 36 Thoracoscopy
Zhao et al. 2020 [33] China RCT 33 33 Thoracoscopy
Zhu et al. 2025 [34] China RCT 24 25 Thoracoscopy

‘Mixed’ indicates that the study included patients undergoing different types of thoracic surgery without stratifica-
tion by surgical approach. ESPB, erector spinae plane block; OS, observational study; RCT, randomized controlled
trial; S. Korea, South Korea; TPVB, thoracic paravertebral block.

3.2. Risk of Bias Assessment

The risk of bias for RCTs was evaluated using the Cochrane RoB 2 tool (Table 2).
Overall, four trials (16.0%) were assessed as having a low risk of bias across all domains,
while the remaining 21 trials (84.0%) were judged to present some concerns, mainly related
to deviations from intended interventions and outcome measurement. None of the included
RCTs was considered to be at high risk of bias.

Table 2. Risk of bias assessment of included RCTs (Cochrane RoB 2).

Study Randomization
Process

Deviations from
Intended

Interventions

Missing Outcome
Data

Measurement of the
Outcome

Selection of the
Reported Result Overall Bias

Andrade Filho et al. 2024 [13] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Baser et al. 2025 [14] Some concerns a Some concerns b Low risk Some concerns c Some concerns d Some concerns
Chen et al. 2020 [15] Low risk Some concerns b Low risk Some concerns c Some concerns d Some concerns
Das et al. 2022 [16] Low risk Some concerns b Low risk Some concerns c Some concerns d Some concerns

Duran et al. 2024 [17] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Durey et al. 2023 [35] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Fang et al. 2019 [18] Low risk Low risk Low risk Low risk Low risk Low risk

Fu et al. 2022 [19] Some concerns a Some concerns b Low risk Some concerns c Some concerns d Some concerns
Geyik et al. 2024 [20] Low risk Some concerns b Low risk Low risk Low risk Some concerns
Kim et al. 2022 [21] Low risk Low risk Low risk Low risk Low risk Low risk

Kukreja et al. 2021 [36] Some concerns a Some concerns b Low risk Some concerns c Some concerns d Some concerns
Li et al. 2025 [22] Low risk Low risk Low risk Low risk Low risk Low risk

Mogahed et al. 2024 [23] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Moorthy et al. 2023 [24] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns

Sertcakacilar et al. 2022 [37] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Sun et al. 2022 [25] Low risk Some concerns b Low risk Low risk Low risk Some concerns
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Table 2. Cont.

Study Randomization
Process

Deviations from
Intended

Interventions

Missing Outcome
Data

Measurement of the
Outcome

Selection of the
Reported Result Overall Bias

Sun et al. 2024 [26] Low risk Some concerns b Low risk Low risk Low risk Some concerns
Taketa et al. 2019 [27] Low risk Some concerns b Low risk Low risk Low risk Some concerns
Turhan et al. 2021 [28] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Wang et al. 2025 [29] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns

Zengin et al. 2023 [30] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Zhang et al. 2022 [31] Low risk Low risk Low risk Low risk Low risk Low risk
Zhang et al. 2023 [32] Low risk Some concerns b Low risk Some concerns c Low risk Some concerns
Zhao et al. 2020 [33] Some concerns a Some concerns b Low risk Some concerns c Some concerns d Some concerns
Zhu et al. 2025 [34] Low risk Some concerns b Low risk Some concerns c Some concerns d Some concerns

a: no information was provided on how allocation concealment was performed, b: participants and/or study
personnel were aware of the assigned intervention, and no information was reported on whether any deviations
occurred as a result of the trial context, c: no information was provided on whether outcome assessors were
blinded to the intervention received, and knowledge of the intervention may have influenced the assessment of
outcomes, d: no details were provided regarding adherence to a prespecified analysis plan.

The risk of bias in non-randomized studies was assessed using the RoBANS tool
(Table 3). All three OSs were considered to have a high overall risk of bias, primarily
attributable to confounding, absence of blinding in outcome assessment, and unclear
reporting of selective outcomes. Detailed domain-level assessments are presented in
Tables 2 and 3.

Table 3. Risk of bias assessment of included non-randomized studies (RoBANS).

Study Selection of
Participants

Confounding
Variables

Intervention
Measurement

Blinding of
Outcome

Assessment

Incomplete
Outcome Data

Selective
Outcome
Reporting

Overall
RoB

Durey et al. 2023 [35] Low risk Low risk Low risk High risk c Low risk Unclear risk d High risk
Kukreja et al. 2021 [36] Unclear risk a High risk b Low risk High risk c Low risk Unclear risk d High risk

Sertcakacilar et al. 2022 [37] Unclear risk a High risk b Low risk High risk c Low risk Unclear risk d High risk

a: allocation based on clinician preference or institutional protocols, b: inappropriate confounder confirmation
and consideration, c: outcome assessors were not blinded, d: study protocol was not registered.

3.3. Results of the Meta-Analysis
3.3.1. Pain at Rest
Overall Pain at Rest Across All Time Points

A total of 25 studies (1834 patients) reported pain at rest [13–37], including 22 RCTs
(1423 patients) [13–34] and three OSs (411 patients) [35–37]. Analysis across all postopera-
tive assessment times up to 72 h showed no overall difference in pain at rest between the
ESPB and TPVB groups (SMD, 0.109; 95% CI, −0.037 to 0.255; I2 = 55.181; Pchi

2 < 0.001;
τ = 0.266; 95% PI, −0.441 to 0.659). Stratification by study design demonstrated that, in
RCTs, pain at rest was significantly lower with TPVB than with ESPB groups (SMD, 0.137;
95% CI, 0.031 to 0.243; I2 = 58.574; Pchi

2 < 0.001; τ = 0.303; 95% PI, −0.494 to 0.768). By
contrast, analyses of OSs did not show a significant difference between groups (n = 3;
SMD, −0.058; 95% CI, −0.441 to 0.325; I2 = 0.0; Pchi

2 = 0.768; τ = 0.0) (Figure S1a, Table S1).
Sensitivity analysis showed that the pooled effect estimate varied with the exclusion of in-
dividual studies, while the overall direction of the effect remained unchanged (Figure S2a).

Early Postoperative Pain at Rest (0–6 h)

Early postoperative pain at rest was evaluated in 23 studies including 1718 pa-
tients [13–19,21–32,34–37], comprising 20 RCTs (1307 patients) [13–19,21–32,34] and three
OSs (411 patients) [35–37]. In the overall pooled analysis including both RCTs and OSs,
early postoperative pain at rest was lower in the TPVB group than in the ESPB group (SMD,
0.253; 95% CI, 0.034 to 0.472; I2 = 79.047; Pchi

2 < 0.001; τ = 0.436; 95% PI, −0.651 to 1.157).
When analyses were restricted to RCTs, the difference remained statistically significant
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(SMD, 0.301; 95% CI, 0.064 to 0.538; I2 = 80.587; Pchi
2 < 0.001; τ = 0.269; 95% PI, −0.262

to 0.864). No significant between-group difference was observed in OSs (SMD, −0.035;
95% CI, −0.615 to 0.546; I2 = 0.0; Pchi

2 = 0.926; τ = 0.0). (Figure 2a, Table S1). Sensitivity
analysis showed that exclusion of the study by Li et al. [22] resulted in the loss of statistical
significance without altering the direction of effect (Figure S2b).

Figure 2. Primary postoperative analgesic outcomes. (a) Postoperative pain at rest during the first
0–6 h is presented as SMDs with 95% CIs, where positive values reflect higher pain scores in the ESPB
group compared with the TPVB group. (b) Cumulative opioid consumption within 24 h is expressed
as SMDs with 95% CIs after conversion to oral morphine equivalents; positive values denote greater
opioid use in the ESPB group than in the TPVB group [13–37].
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TSA, performed only for the RCTs, showed that the cumulative sample size exceeded
the RIS (1718 vs. 1537 patients) and that the cumulative Z-curve crossed both the conven-
tional and trial sequential monitoring boundaries (Figure 3a, Table S1).

Figure 3. Trial sequential analyses of key postoperative analgesic outcomes. (a) Trial sequential
analysis for postoperative pain at rest within 0–6 h. (b) Trial sequential analysis for cumulative opioid
consumption within 24 h. Trial sequential monitoring boundaries were constructed using a two-sided
α of 5% and a statistical power of 80%.

Pain at Rest at 24 h

At postoperative 24 h, 24 studies involving 1768 patients were included, comprising
21 RCTs (1357 patients) [13–22,24–34] and three OSs (411 patients) [35–37]. At 24 h postop-
eratively, no overall difference in pain at rest was detected between the ESPB and TPVB
groups (SMD, 0.077; 95% CI, −0.046 to 0.201; I2 = 34.137; Pchi

2 = 0.053; τ = 0.170; 95% PI,
−0.275 to 0.429). Stratified analyses by study design showed no significant differences in
either RCTs (SMD, 0.106; 95% CI, −0.029 to 0.241; I2 = 0.0; Pchi

2 = 0.641; τ = 0.0) or OSs
(SMD, −0.067; 95% CI, −0.371 to 0.237; I2 = 88.666; Pchi

2 < 0.001; τ = 0.544; 95% PI, −2.408
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to 2.274) (Figure S1b, Table S1). Excluding the study by Kukreja et al. [36] led to a loss of
statistical significance in the pooled estimate (Figure S2c).

TSA, performed only for the RCTs, showed that the cumulative sample size exceeded
the RIS (1468 vs. 650 patients) and that the cumulative Z-curve crossed the futility boundary,
suggesting no difference between the ESPB and TPVB groups in postoperative pain at rest
at 24 h (Figure S3a, Table S1).

Pain at Rest at 48 h

At postoperative 48 h, 12 studies involving 802 patients were included, all of which
were RCTs [15,18,19,21,22,24,25,27–29,31,33]. Postoperative pain at rest assessed at 48 h did
not differ overall between the ESPB and TPVB groups (SMD, −0.154; 95% CI, −0.375 to
0.066; I2 = 58.375; Pchi

2 = 0.006; τ = 0.294; 95% PI, −0.769 to 0.461) (Figure S1c, Table S1).
Excluding the study by Fu et al. [19] resulted in a loss of statistical significance in the
pooled estimate.

TSA, performed only for the RCTs, showed that only 21.0% of the RIS was accrued
and that the cumulative sample size remained below the RIS (802 vs. 3811 patients); TSA
demonstrated that the accumulated evidence failed to meet prespecified thresholds for
either conventional significance or trial sequential monitoring, leaving the conclusions
inconclusive (Figure S3b, Table S1).

3.3.2. Pain During Cough
Overall Pain During Coughing Across All Time Points

A total of 24 studies involving 1789 patients reported pain during coughing,
refs. [13–16,18–37], including 21 RCTs (1378 patients) [13–16,18–34] and three OSs (411 patients)
[35–37]. Across postoperative assessments extending from the immediate period through
72 h, no overall difference in pain during coughing was detected between the ESPB and
TPVB groups (SMD, 0.140; 95% CI, −0.050 to 0.329; I2 = 71.536; Pchi

2 < 0.001; τ = 0.383; 95%
PI, −0.660 to 0.940). When stratified by study design, no significant differences were ob-
served in either RCTs (SMD, 0.179; 95% CI, −0.025 to 0.383; I2 = 71.948; Pchi

2 < 0.001;
τ = 0.413; 95% PI, −0.681 to 1.039) or OSs (SMD, −0.104; 95% CI, −0.609 to 0.401;
I2 = 68.683; Pchi

2 = 0.041; τ = 0.287; 95% PI, −1.336 to 1.128) (Figure S4a, Table S1). Sensitiv-
ity analyses demonstrated that removal of the study by Zengin et al. [30] resulted in a loss
of statistical significance (Figure S5a).

Early Postoperative Pain During Coughing (0–6 h)

Early postoperative pain during coughing was assessed in 21 studies involving
1603 patients, refs. [13–16,18,19,21,22,24–32,34–37], including 18 RCTs (1192 patients)
[13–16,18,19,21,22,24–32,34] and three OSs (411 patients) [35–37]. The pooled analysis
demonstrated lower pain scores in the TPVB group compared with the ESPB group; how-
ever, substantial heterogeneity was observed (SMD, 0.280; 95% CI, 0.024 to 0.535; I2 = 83.755;
Pchi

2 < 0.001; τ = 0.538; 95% PI, −0.842 to 1.402). When analyses were restricted to RCTs, the
difference remained statistically significant (SMD, 0.353; 95% CI, 0.075 to 0.631; I2 = 84.555;
Pchi

2 < 0.001; τ = 0.595; 95% PI, −0.902 to 1.608). In contrast, within OSs, the comparison
yielded no significant between-group difference (SMD, −0.127; 95% CI, −0.780 to 0.527;
I2 = 0.0; Pchi

2 = 0.504; τ = 0.0) (Figure S4b, Table S1). Sensitivity analysis showed that
exclusion of individual studies led to widening of confidence intervals and occasional loss
of statistical significance; however, the direction of the pooled effect consistently favored
the TPVB group (Figure S5b) [13–15,22,24,32].

TSA, performed only for the RCTs, showed that 52.6% of the RIS was accrued (1192 vs.
2214 patients). The cumulative Z-curve met the criterion for conventional significance but
did not satisfy the trial sequential monitoring boundary (Figure S6a, Table S1).
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Pain During Coughing at 24 h

At postoperative 24 h, 23 studies (1719 patients; 20 RCTs [1308 patients] [13–16,18–
22,24–29,31–34] and three OSs [411 patients] [35–37]) were included. No statistically sig-
nificant between-group difference in cough-related pain was identified in the overall
analysis, accompanied by considerable interstudy heterogeneity (SMD, 0.277; 95% CI,
−0.052 to 0.606; I2 = 90.262; Pchi

2 < 0.001; τ = 0.738; 95% PI, −1.250 to 1.804). When
stratified by study design, the pooled effect estimate in RCTs was directionally in favor of
the TPVB group; however, this finding was accompanied by marked heterogeneity and
a wide prediction interval (SMD, 0.389; 95% CI, 0.036 to 0.743; I2 = 90.237; Pchi

2 < 0.001;
τ = 0.787; 95% PI, −1.253 to 2.031). Analyses limited to OSs did not demonstrate a statisti-
cally significant difference (SMD, −0.444; 95% CI, −1.338 to 0.450; I2 = 90.159; Pchi

2 < 0.001;
τ = 0.593; 95% PI, −2.995 to 2.107) (Figure S4c, Table S1). Sensitivity analysis did not change
statistical significance, with loss of significance after exclusion of the study by Kukreja et al.
(Figure S5c) [36].

Consistently, TSA, performed only for the RCTs, showed that 66.4% of the RIS was
accrued (1258 vs. 1894 patients), and cumulative Z-curve satisfied the criterion for conven-
tional significance but failed to meet the trial sequential monitoring threshold, leaving the
evidence inconclusive (Figure S6b, Table S1).

Pain During Coughing at 48 h

At postoperative 48 h, 12 studies including 802 patients (only RCTs) were
included [15,18,19,21,22,24,25,27–29,31,33]. Pain during coughing assessed at 48 h did
not differ between the ESPB and TPVB groups (SMD, −0.017; 95% CI, −0.219 to 0.186;
I2 = 51.048; Pchi

2 = 0.021; τ = 0.253; 95% PI, −0.574 to 0.540) (Figure S4d, Table S1). Leave-
one-out sensitivity analyses showed no change in the statistical significance of the pooled
estimate, supporting the robustness of the findings (Figure S5d).

TSA, performed only for the RCTs, showed that 7.2% of the RIS was accrued (802 vs.
11,118 patients). The cumulative Z-curve did not satisfy the criteria for either conventional
significance or trial sequential monitoring at 48 h, leaving the evidence insufficient for
firm conclusions regarding differences between the ESPB and TPVB groups (Figure S6c,
Table S1).

3.3.3. Opioid Consumption
Overall Opioid Consumption Across Postoperative Period

A total of 24 studies (1764 patients) reported opioid consumption [13–22,24–37], in-
cluding 21 RCTs (1353 patients) [13–22,24–34] and three OSs (411 patients) [35–37]. Across
all evaluated time points between 6 h and 72 h postoperatively, the pooled results indicated
reduced opioid use in the TPVB group relative to the ESPB group (SMD, 0.322; 95% CI,
0.034 to 0.611; I2 = 87.541; Pchi

2 < 0.001; τ = 0.646; 95% PI, −1.014 to 1.658). Within RCTs,
stratified analyses demonstrated reduced opioid consumption in the TPVB group relative
to the ESPB group (SMD, 0.358; 95% CI, 0.049 to 0.668; I2 = 85.006; Pchi

2 < 0.001; τ = 0.614;
95% PI, −0.923 to 1.639). No evidence of a between-group difference was identified in
OSs (SMD, 0.083; 95% CI, −0.714 to 0.881; I2 = 95.755; Pchi

2 < 0.001; τ = 0.940; 95% PI,
−3.961 to 4.127) (Figure S7a, Table S1). Sensitivity analysis indicated that the statistical
significance of the pooled effect was dependent on the inclusion of individual studies, with
loss of significance observed after exclusion of the studies by Chen et al. and Baser et al.
(Figure S8a) [14,15].
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Opioid Consumption at 24 h

Opioid consumption at postoperative 24 h was reported in 20 studies (1545 patients),
including 17 RCTs (1143 patients) [13–20,22,24,25,27,28,30,32–34] and three OSs (411 pa-
tients) [35–37]. In the pooled analysis including both RCTs and OSs, opioid consumption
at 24 h was lower in the TPVB group than in the ESPB group (SMD, 0.417; 95% CI, 0.108
to 0.725; I2 = 87.541; Pchi

2 < 0.001; τ = 0.646; 95% PI, −0.935 to 1.769). When restricted to
RCTs, the difference remained statistically significant (SMD, 0.438; 95% CI, 0.102 to 0.774;
I2 = 86.704; Pchi

2 < 0.001; τ = 0.650; 95% PI, −0.940 to 1.816), whereas no evidence of a dif-
ference was observed in OSs (SMD, 0.303; 95% CI, −0.474 to 1.080; I2 = 92.297; Pchi

2 < 0.001;
τ = 0.672; 95% PI, −2.588 to 3.194) (Figure 2b, Table S1). Sequential exclusion of individual
studies did not alter the statistical significance of the pooled effect (Figure S8b).

TSA, performed only for the RCTs, showed that the cumulative sample size exceeded
the RIS (1718 vs. 732 patients). The cumulative Z-curve met the criterion for conventional
significance but failed to satisfy the trial sequential monitoring boundary, indicating that
the findings are not yet definitive (Figure 3b, Table S1).

Opioid Consumption at 48 h

At postoperative 48 h, 11 studies (715 patients), all of which were RCTs, were in-
cluded [15,19,21,24–29,31,33]. There was no overall difference in opioid consumption
between the ESPB and TPVB groups (SMD, 0.241; 95% CI, −0.112 to 0.595; I2 = 81.545;
Pchi

2 < 0.001; τ = 0.536; 95% PI, −0.953 to 1.435) (Figure S6b, Table S1). Sensitivity analysis
demonstrated that the pooled result was robust, with no change in statistical significance
after exclusion of individual studies (Figure S7c).

TSA, performed only for the RCTs, showed that only 7.2% of the RIS was accrued
(802 vs. 11,118 patients). The cumulative Z-curve failed to reach both the conventional
significance threshold and the trial sequential monitoring boundaries, indicating that the
evidence was insufficient for definitive conclusions (Figure S9, Table S1).

3.3.4. PONV

A total of 17 studies (1132 patients) reported the incidence of PONV, refs. [13,14,17–
20,22,24–28,30–32,35,36] including 15 RCTs (1005 patients) [13,14,17–20,22,24–28,30–32]
and two OSs (127 patients) [35,36]. The overall incidence of PONV did not differ between
the ESPB and TPVB groups (RR, 0.909; 95% CI, 0.704 to 1.174; I2 = 2.372; Pchi

2 = 0.426;
τ = 0.085; 95% PI, 0.320 to 2.582). Stratified analyses by study design showed no evidence of
a difference in PONV incidence between the ESPB and TPVB groups (Figure S10a, Table S1).
Sequential exclusion of individual studies in sensitivity analyses did not meaningfully
change the pooled effect estimate or its statistical significance (Figure S11a).

TSA, performed only for the RCTs, showed that 47.1% of the required information
size (RIS) had been accrued (1005 vs. 2135 patients). As the cumulative Z-curve did not
meet the criteria for either conventional significance or trial sequential monitoring, the
available evidence remained inadequate to draw definitive conclusions about the effect of
ESPB compared with TPVB on PONV (Figure S12a, Table S1).

3.3.5. Hypotension

Ten studies (829 patients) reported the incidence of hypotension,
refs. [16,18,21,24,28,30,32–34,37] including 9 RCTs (579 patients) [16,18,21,24,28,30,32–34]
and one OSs (250 patients) [37]. The overall incidence of hypotension did not differ between
the ESPB and TPVB groups (RR, 0.680; 95% CI, 0.359 to 1.291; I2 = 41.119; Pchi

2 = 0.083;
τ = 0.510; 95% PI, 0.198 to 2.337). In subgroup analyses according to study design, no
significant difference was observed in RCTs (RR, 0.574; 95% CI, 0.279 to 1.184; I2 = 40.314;

https://doi.org/10.3390/jcm15041370

https://doi.org/10.3390/jcm15041370


J. Clin. Med. 2026, 15, 1370 13 of 20

Pchi
2 = 0.099; τ = 0.636; 95% PI, 0.247 to 1.331). The single OS did not demonstrate evidence

of a between-group difference (RR, 1.257; 95% CI, 0.703 to 2.249) (Figure S10b, Table S1).
The direction and statistical significance of the pooled effect estimate remained unchanged
across leave-one-out sensitivity analyses (Figure S11b).

TSA, performed only for the RCTs, indicated that only 13.4% of the RIS had been
accrued (579 vs. 4317 patients). As the cumulative Z-curve failed to satisfy both the
conventional boundary and the trial sequential monitoring criteria, the evidence remains
inadequate to establish a definitive effect on hypotension (Figure S12b, Table S1).

3.4. Publication Bias Assessment

For 13 outcomes comprising 10 or more studies, funnel plots were examined and demon-
strated an approximately symmetric distribution of studies around the pooled estimates across
all assessed outcomes (Figure S13a–m, Supplementary Materials, Document S1).

Formal statistical assessment did not identify evidence of publication bias for any out-
come when regression-based and rank correlation–based methods were applied, including
pain at rest (overall, early postoperative, 24 h, and 48 h), pain during coughing (overall,
early postoperative, 24 h, and 48 h), cumulative opioid consumption (overall, 24 h, and
48 h), PONV, and hypotension (all p > 0.05).

Detailed results of the publication bias analyses, including bias coefficients, confidence
intervals, and test statistics, are provided in the Figure S13a–m, Supplementary Materials,
Document S1.

3.5. Certainty of Evidence

Using the GRADE approach, 28 outcomes were assessed across the 25 included studies
(Table S2). The certainty of evidence was high for postoperative pain at rest at 24 h, PONV,
and hypotension, whereas most other pain- and opioid-related outcomes were of moderate
certainty. Evidence derived from OSs was generally rated as low to very low certainty.

4. Discussion
Drawing on evidence from 25 studies including 1847 patients, this systematic review

and meta-analysis examines postoperative analgesic outcomes associated with ESPB and
TPVB following thoracic surgery. The principal finding is that TPVB provides superior
analgesia during the early postoperative period, whereas analgesic efficacy converges there-
after, with no clinically meaningful differences between the two techniques at 24 or 48 h
postoperatively. In pooled analyses including both RCTs and OSs, opioid consumption at
24 h was modestly lower with TPVB; however, this finding was characterized by substantial
heterogeneity and low certainty of evidence. Importantly, ESPB and TPVB demonstrated
comparable safety profiles, with no significant differences in postoperative nausea and
vomiting or hypotension.

The early postoperative analgesic advantage observed with TPVB is biologically plau-
sible and consistent with the anatomical characteristics of the block [38,39]. TPVB involves
direct deposition of local anesthetic into the paravertebral space, allowing immediate and
predictable spread to the spinal nerves, dorsal root ganglia, and sympathetic chain [40].
This results in dense segmental somatic and sympathetic blockade, which is particularly
relevant in the immediate postoperative period when nociceptive input is greatest [3]. In
contrast, ESPB relies on indirect diffusion of local anesthetic from the erector spinae muscle
plane into the paravertebral space through fascial planes and foraminal pathways [7,8]. This
indirect mechanism may lead to more variable spread and slower onset of analgesia, likely
accounting for the observed differences in early pain scores [41]. The robustness of this
early benefit is supported by trial sequential analysis, which demonstrated that cumulative
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evidence for early pain at rest crossed both the conventional monitoring boundary and
the required information size, indicating that the superiority of TPVB during this narrow
time window is unlikely to be attributable to random error [42]. However, the absolute
magnitude of the observed early pain difference appears limited. An effect size of approxi-
mately 0.25 corresponds to an absolute reduction of roughly 0.5–0.8 points on a 10-point
VAS or NRS scale, assuming commonly reported postoperative pain variability [43,44].
This magnitude is close to or below the minimal clinically important difference of approxi-
mately 1 point for acute postoperative pain, indicating that the statistically significant early
advantage is modest in clinical terms for most patients [44–46].

Although TPVB showed a consistent advantage in early postoperative analgesia,
substantial heterogeneity was observed for pain outcomes within 0–6 h and for opioid
consumption at 24 h. This heterogeneity was largely confined to the early postoperative
period, when analgesic effects are more strongly influenced by block-specific characteristics
than by standardized multimodal analgesic regimens applied later [47]. ESPB relies on
indirect diffusion of local anesthetic from the erector spinae muscle plane, which may
result in variable early analgesic effects depending on individual tissue characteristics
and diffusion patterns, whereas TPVB involves direct injection into the paravertebral
space and is more likely to produce consistent segmental blockade [41,48,49]. In addition,
opioid-related outcomes are inherently sensitive to differences in postoperative analgesic
protocols, rescue thresholds, and opioid conversion methods across studies, which may
further contribute to between-study heterogeneity [50]. Recent experimental data further
suggest that local anesthetics such as bupivacaine may spread anisotropically within muscle
and traverse fascial boundaries via diffusion-dominated mechanisms that are not readily
apparent on imaging [51]. Such imaging-invisible diffusion may contribute to variable and
occasionally discordant early analgesic effects in transfascial plane blocks such as ESPB and
may partly explain the observed heterogeneity across studies. Accordingly, interpretation
of these outcomes should be guided primarily by evidence from RCTs, with findings from
OSs considered supportive given their higher risk of bias.

Beyond the early postoperative period, analgesic efficacy converged between ESPB
and TPVB. At 24 and 48 h postoperatively, no significant differences were observed in pain
scores at rest or during coughing. This convergence likely reflects several factors. First, the
pharmacological effects of single-injection regional blocks diminish over time, reducing
differences attributable to block-specific characteristics [52]. Second, postoperative pain
control beyond the immediate recovery phase is predominantly influenced by multimodal
analgesia, including systemic non-opioid and opioid medications, which may attenuate
differences between regional techniques [53,54]. Prediction intervals for pain outcomes at
later time points crossed the line of no effect, indicating that future studies could plausibly
favor either technique depending on patient characteristics, surgical factors, and institu-
tional protocols [55]. Sensitivity analyses confirmed that these findings were stable and not
driven by individual studies, supporting the interpretation that ESPB and TPVB provide
comparable analgesia beyond the immediate postoperative phase when integrated into
contemporary multimodal analgesic pathways [56].

With respect to opioid consumption, TPVB was associated with lower opioid use at
24 h postoperatively; however, this finding warrants cautious interpretation. This pooled
estimate was influenced by OSs, all of which were assessed as having a high risk of bias, and
trial sequential analysis indicated insufficient information size to support firm conclusions.
The certainty of evidence was rated as low due to substantial heterogeneity across studies,
likely reflecting differences in opioid conversion methods, patient-controlled analgesia pro-
tocols, rescue analgesic thresholds, and baseline patient characteristics [50]. Trial sequential
analysis further showed that the cumulative evidence for opioid consumption did not
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reach the required information size, indicating that a sustained opioid-sparing advantage
of TPVB could not be confirmed [42]. Moreover, the magnitude of the observed difference
was modest and may not translate into clinically meaningful reductions in opioid-related
adverse effects within contemporary multimodal analgesia frameworks [47]. These consid-
erations underscore the importance of distinguishing statistical significance from clinical
relevance when interpreting opioid-related outcomes [57].

Both ESPB and TPVB demonstrated favorable and comparable safety profiles. The
incidence of postoperative nausea and vomiting and hypotension was comparable between
the ESPB and TPVB groups, with the certainty of evidence for these outcomes ranging from
moderate to high. These findings are reassuring, particularly given historical concerns
regarding sympathetic blockade and hemodynamic instability associated with TPVB [6].
Nevertheless, the available evidence remains underpowered to assess rare but potentially
serious complications such as pneumothorax, local anesthetic systemic toxicity, or nerve
injury [49]. Although ESPB is often perceived as safer due to its more superficial target and
greater distance from critical structures, definitive comparative safety conclusions cannot
be drawn based on the current evidence base [58].

The present findings are consistent with and extend those of previous systematic
reviews and meta-analyses comparing ESPB and TPVB for thoracic surgery. Recent meta-
analyses published between 2023 and 2024 similarly reported no clinically meaningful
differences in pain outcomes beyond the early postoperative period, while noting early
analgesic advantages for TPVB in some analyses [9,10,59,60]. The consistency of findings
across multiple independent reviews strengthens confidence that the observed patterns
reflect genuine clinical effects rather than methodological artifacts. Importantly, this study
contributes novel insights by providing the most comprehensive application of the GRADE
approach to date, demonstrating moderate-certainty evidence for pain outcomes and
low-certainty evidence for opioid outcomes due to inconsistency and imprecision [61].
In addition, this analysis represents the first systematic evaluation of publication bias
across all eligible outcomes using both visual inspection and statistical testing, with no
evidence of selective reporting identified [62]. The incorporation of trial sequential analysis
further clarifies which conclusions are supported by sufficient evidence and which remain
uncertain [42].

From a clinical perspective, these findings support a nuanced approach to regional
analgesia selection for thoracic surgery. TPVB may be preferred when superior early post-
operative analgesia is prioritized, particularly in patients for whom early pain control is
critical to facilitate respiratory function and mobilization [63]. Conversely, ESPB represents
a reasonable alternative when technical simplicity, ease of performance, or resource consid-
erations are emphasized [17,32]. Emerging evidence suggests that ESPB may offer practical
advantages, including shorter block performance time and potentially fewer technical
failures, particularly in real-world settings or among less experienced practitioners [13,64].
These considerations are increasingly relevant in high-volume surgical centers and institu-
tions implementing regional anesthesia programs [65]. Nonetheless, the choice between
ESPB and TPVB should be individualized and informed not only by analgesic efficacy
but also by operator experience, patient anatomy, surgical approach, and institutional
protocols [66].

Several limitations of this meta-analysis merit consideration. The risk of bias was
moderate in many included randomized trials, primarily due to lack of blinding, which
may have influenced subjective pain assessments [67,68]. Substantial heterogeneity was
observed for several outcomes, particularly opioid consumption, limiting the precision of
pooled estimates [56]. The inclusion of observational studies, while enhancing external
validity, introduces potential confounding by indication and limits their contribution to
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supportive rather than confirmatory evidence [69]. Trial sequential analysis indicated that
the evidence base remains insufficient for several outcomes, including opioid consumption
and later pain assessments, precluding definitive conclusions regarding equivalence or
sustained superiority [42]. Furthermore, most included studies focused on short-term
outcomes, with limited reporting of long-term pain, functional recovery, or quality of
life [1,2]. Although publication bias was not detected, small-study effects cannot be entirely
excluded [62].

5. Conclusions
Overall, the findings indicate that ESPB and TPVB achieve comparable postoperative

analgesic effects after thoracic surgery beyond the immediate postoperative period, with
moderate certainty of evidence. TPVB demonstrates superior analgesia within the first
6 h postoperatively, supported by firm evidence from trial sequential analysis, but this
advantage does not persist at later time points. In pooled analyses including both RCTs
and OSs, evidence for opioid-sparing effects of TPVB at 24 h remains uncertain due to
heterogeneity and insufficient information size. Both techniques exhibit comparable safety
profiles. ESPB may therefore be considered a practical and effective alternative to TPVB
within multimodal analgesia strategies, while TPVB may be favored when early postop-
erative analgesia is prioritized. Individualized selection based on patient characteristics,
operator expertise, and institutional context remains essential, and further high-quality
studies are required to address remaining evidence gaps.
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