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Abstract
Background

Multiple treatments exist for primary achalasia, yet their comparative efficacy remains uncertain. We conducted a systematic review and network meta-
analysis (NMA) to compare all available interventions.

Methods

Randomized controlled trials comparing any intervention for primary achalasia were included. A Bayesian random-effects NMA was performed as the
primary analysis, with a frequentist NMA as sensitivity analysis. Outcomes were treatment failure and mean change in Lower Esophageal Sphincter
(LES) pressure. Treatments were ranked using SUCRA. Consistency was assessed via node-splitting and the unrelated mean effects model.

Results

Thirty-two RCTs encompassing 10 treatments were included. Convergence was satisfactory and between-study heterogeneity was low (I²=0%). All
active treatments significantly outperformed Placebo on both outcomes, with findings consistent across Bayesian and frequentist analyses. For
treatment failure, Heller’s Myotomy with Nissen Fundoplication (87.7%) and Heller's Myotomy alone (SUCRA 79.6%) ranked highest, while Botulinum
Toxin ranked lowest among active treatments (SUCRA 11.1%). For LES pressure reduction, Pneumatic Dilation (PD) + Botulinum Toxin achieved the
greatest reduction (MD − 28 mmHg, 95% CrI − 40 to − 15; SUCRA 93.5%), followed by Anterior POEM (SUCRA 77.1%) and Heller’s Myotomy (62.5%). PD
(23.3%) ranked lowest in LES pressure reduction. PD ranked lowest among active treatments for LES pressure reduction.

Conclusion

Heller’s Myotomy with Nissen Fundoplication and a combination of PD with Botox ranked highest in terms of treatment success and LES pressure
reduction, respectively. Anterior POEM ranked high for both treatment failure and LES pressure reduction, these findings extend prior pairwise evidence
by quantifying relative efficacy across all modalities simultaneously.

Introduction
Primary achalasia is a rare progressive esophageal motility disorder characterized by failure of lower esophageal sphincter (LES) relaxation and absent
peristalsis, resulting in functional obstruction at the gastroesophageal junction [1]. Its global incidence is estimated at 0.78 per 100,000 person-years,
with prevalence of 10.82 per 100,000 persons, affecting men and women equally with peak onset between 30 and 60 years [1, 2].

Since no treatment restores physiological peristalsis, available therapies aim to relieve esophageal outflow obstruction by lowering or disrupting LES
tone. Current modalities span pharmacological, endoscopic, and surgical approaches. Botulinum toxin injection offers short-term efficacy but limited
durability, making it most suitable as bridge therapy or for high-risk patients. Pneumatic dilation provides durable outcomes through forceful disruption
of LES muscle fibers [5]. Laparoscopic Heller myotomy (LHM) with partial fundoplication has long been considered the gold standard surgical
approach [6]. Peroral endoscopic myotomy (POEM), first described in 2009, has gained increasing global acceptance as a minimally invasive
alternative with comparable efficacy to LHM.

Despite this breadth of options, optimal treatment strategy remains debated [7] [8, 9]. Network meta-analysis (NMA) overcomes the limitations of
pairwise comparisons by integrating direct and indirect evidence to enable simultaneous ranking of all interventions [10]. This study therefore conducts
a comprehensive systematic review and Bayesian NMA of all relevant randomized controlled trials, with primary objectives of comparing treatment
failure rates, mean change in LES pressure, and generating treatment rankings using the SUCRA framework.

Methodology

Study Design
This study was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for
Network Meta-Analysis (PRISMA-NMA) guidelines [11]. The protocol was prospectively registered on PROSPERO (registration number:
CRD420261368082). The analysis focused on synthesizing evidence from randomized controlled trials (RCTs) comparing the efficacy of different
surgical, endoscopic, laparoscopic, and pharmacological modalities for patients with primary achalasia, with predefined outcomes of mean lower
esophageal sphincter (LES) pressure change and treatment failure. Bayesian approach was employed given the small evidence size, backed by
frequentist sensitivity analysis [12].

Search Strategy and Database
A comprehensive literature search was performed from database inception till March 4th, 2026, across multiple electronic databases, including
PubMed/MEDLINE, Embase, Cochrane Central Register of Controlled Trials (CENTRAL), Scopus and Clinicaltrials.gov. The search strategy incorporated
Medical Subject Headings (MeSH) terms and free-text keywords such as “Achalasia”, “Peroral endoscopic myotomy”, “Heller’s myotomy”, “Botulinum
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toxin”, “Randomized controlled trial”, and “placebo-controlled”. Boolean operators (AND, OR) were used to combine terms, with no language restrictions
applied. Grey literature was searched via conference proceedings and major gastroenterology societies (e.g., American College of Gastroenterology).
Reference lists of included studies and relevant reviews were hand-searched for additional trials. The complete search strategy has been provided in
the supplementary table 1.

Eligibility Criteria
We included comparative randomized clinical trials that evaluated any endoscopic, surgical or medical intervention for adult patients with achalasia.
We excluded studies without the outcomes of interest (mean change in LES pressure, treatment failure), single arm trials, observational studies,
studies with achalasia due to secondary cause such as esophageal cancer.

Data Screening and Extraction
Two independent reviewers screened individual titles and abstracts of the identified studies and excluded studies that did not address the research
question of interest. The full texts of the remaining studies were assessed to determine whether they met the inclusion and exclusion criteria. Any
disagreements were resolved through consensus with a third reviewer. Relevant data from the selected articles were then extracted and organized into
a standardized Excel spreadsheet. All relevant data was extracted independently by two, capturing study characteristics (author, year, design, sample
size), participant demographics (age, sex, disease etiology), and outcome data (event counts, totals). Discrepancies were reconciled by consensus.
Corresponding authors were not contacted for missing data.

Quality and Certainty Assessment
The risk of bias for each included RCT was evaluated independently by two reviewers using the Cochrane Risk of Bias 2 (RoB 2) tool [13]. All
discrepancies were reconciled by consensus.

The certainty of evidence for each NMA estimate was assessed using the CINeMA (Confidence In Network Meta-Analysis) framework [14]. CINeMA
evaluates confidence in pairwise comparisons derived from the NMA across six domains: (1) within-study bias; (2) reporting bias; (3) indirectness; (4)
imprecision; (5) heterogeneity; and (6) incoherence. Each domain was rated as no concern, some concern, or major concern, and the overall confidence
in each NMA estimate was graded as High, Moderate, Low, or Very Low, following the principles of the GRADE framework adapted for network meta-
analysis [14]. All comparisons were assessed relative to Placebo as the reference treatment.

Outcomes:
The primary outcome was treatment failure (clinical non-response or re-intervention), while mean change in LES pressure (mmHg) from baseline till
follow-up served as the secondary outcome.

Statistical Analysis
A Bayesian random-effects NMA [15, 16] was performed as the primary analysis using the gemtc package in R (version 4.5.0) [17], with a frequentist
NMA (netmeta) as sensitivity analysis. A binomial likelihood with logit link was specified for treatment failure, yielding posterior odds ratios (OR) with
95% credible intervals (CrI); a normal likelihood with identity link was used for mean LES pressure change, yielding mean differences (MD) with 95% CrI.
Where studies did not report change scores, mean change was derived by subtracting baseline from follow-up means, and SD of change was imputed
using a correlation coefficient of 0.5 per Cochrane Handbook guidance [18].

Markov Chain Monte Carlo (MCMC) sampling [19] was conducted across four parallel chains (10,000 adaptation; 100,000 sampling iterations; thinning
factor 10), yielding 10,000 effective posterior samples per chain. Convergence was confirmed visually via trace and density plots and formally via the
Gelman-Rubin statistic (threshold < 1.05) [20].

Between-study heterogeneity was quantified by τ (Bayesian, 95% CrI) and I² (frequentist) [21].

Consistency was assessed using the unrelated mean effects (UME) model with DIC comparison and node-splitting analysis [22].

Treatments were ranked using SUCRA, with lower failure rates and greater LES pressure reduction considered favorable [10]. Further detail can be
found in supplementary materials.

Results

Study Selection
The search strategy yielded a total of 1002 records. After removal of 452 duplicates and exclusion of 516 studies from title/abstract screening, 34 full-
text studies were reviewed. Out of the 34 studies, 32 [23–53] were included in the review, of which 26 contributed to the statistical analysis (Fig. 1). Six
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studies were excluded from the quantitative synthesis for LES pressure because they did not provide sufficient data to calculate variance (e.g., missing
ranges, standard deviations, or confidence intervals) or did not report results as a mean change from baseline.

Study Characteristics
Of the 26 studies (1,842) in the network meta-analysis, 22 trials reported treatment failure and 16 trials reported mean change in LES pressure, with 12
trials contributing to both outcomes. Follow-up duration ranged from short-term (≤ 3 months) to long-term (≥ 5 years) across studies, though follow-up
definitions varied considerably between trials. Mean participant age ranged from approximately 34 to 54 years across study arms, with broadly
comparable baseline demographics between intervention and control groups. The proportion of male participants varied widely (25%–80%). Baseline
LES pressure ranged from approximately 22 to 53 mmHg. Symptom duration and baseline Eckardt scores were incompletely reported. BMI data were
available in only one study. The baseline characteristics of all included studies are summarized in Table 1.
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Table 1
Baseline Characteristics of Included Studies (* Boeckxstaens 2011, Borges 2013, Khashab 2020, Kim 1993, Nabi 2021, and Torquati 2005 were

included in the systematic review but not in the network meta-analysis due to missing outcome data for the predefined endpoints. Int. = Intervention
arm; Ctrl. = Control arm; PD = Pneumatic Dilation; HM = Heller's Myotomy; BotTox = Botulinum Toxin; Ant-POEM = Anterior POEM; Post-POEM = Posterior

POEM; LES = Lower Esophageal Sphincter; NR = Not Reported. Values are Mean ± SD unless stated otherwise.)
Study Comparison N

(Int/Ctrl)
Age (Mean ± 
SD)

Male (%) Baseline LES
Pressure
(mmHg,
Mean ± SD)

Symptom
Duration
(months,
Mean ± SD)

Baseline
Eckardt Score
(Mean ± SD)

BMI (kg/m²,
Mean ± SD)

Int. Ctrl. Int. Ctrl. Int. Ctrl. Int. Ctrl. Int. Ctrl. Int. Ctrl.

Annese 1996 BotTox vs
Placebo

8 / 8 34.1 
± 9.1

35.5 
± 
21.8

55.3% 43.8% 31.3 
± 9.7

33 ± 
8.6

50 33.3 12.94 
± 3.2

12.19 
± 2.9

NR NR

Bakhshipour
2010

PD+BotTox
vs PD

16 / 18 49.8 
± 3.7

51.8 
± 3.4

43.8% 66.7% 37.9 
± 3

30.1 
± 2.7

23.5 33.6 5.8 ± 
0.5

6 ± 
0.5

NR NR

Bansal 2003 PD vs
BotTox

95 / 106 46.4 
± 4.8

45.4 
± 4.1

63.2% 53.8% 24.6 
± 3.9

25 ± 
5.19

33 ± 
5.3

31 ± 
3.8

7 ± 
0.5

7.4 ± 
0.6

NR NR

Boeckxstaens
2011

PD vs HM + 
Dor

48 / 44 54.6 
± 14

50.2 
± 
12.8

52.8% 45.8% 26.1 
± 5.7

26.1 
± 5.3

53 36.4 NR NR NR NR

Borges 2013 PD vs HM 25 / 25 NR NR 25% 25% 34.2 
± 
15.7

34.8 
± 
13.4

NR NR NR NR NR NR

Chrystoja
2016

PD vs HM 20 / 20 44.9 
± 
14.6

44.2 
± 
13.2

47.7% 41.3% NR NR NR NR NR NR NR NR

Conte 2020 Post-POEM
vs HM

12 / 14 34.6 
± 
11.3

29.4 
± 9.8

70% 50% NR NR NR NR 8 ± 
1.7

8.5 ± 
1.9

NR NR

Falkenback
2003

HM vs
HM+Nissen

10 / 10 49 ± 
43.9

51.5 
± 
30.1

25% 25% NR NR 32 30.8 NR NR NR NR

Hamdy 2015 HM vs PD 25 / 25 39.8 
± NR

37.4 
± NR

44% 44% 52.3 
± 21

51.2 
± 16

73 77 NR NR NR NR

Ichkhanian
2020

Ant-POEM
vs Post-
POEM

46 / 60 NR NR 53.3% 50.3% 24.5 
± 4.5

23.5 
± 3.5

NR NR 8 ± 7 7 ± 8 NR NR

Khashab
2020

Ant-POEM
vs Post-
POEM

71 / 77 50.5 
± 
25.5

49.6 
± 
19.6

52% 56% 24 ± 
4.5

23.3 
± 3.7

NR NR NR NR NR NR

Kim 1993 BotTox vs
PD

13 / 55 NR NR 64% NR% 43 ± 
22

52.18 NR NR NR NR NR NR

Kostic 2007 PD vs HM 26 / 25 49 ± 
50.4

46.9 
± 
44.4

NR% NR% 22.9 
± 4.2

23.8 
± 3.3

19 22 NR NR NR NR

Kumagai
2014

HM + Dor vs
HM+Toupet

11 / 14 NR NR 27% 27% 33.2 
± 
16.4

37.6 
± 18

NR NR NR NR NR NR

Mikaeli 2006 PD vs
PD+BotTox

27 / 27 NR NR 46.2% 61.5% 47.4 
± 18

56 ± 
18.8

NR NR NR NR NR NR

Moonen 2015 PD vs HM + 
Dor

105 / 96 45.7 
± 
14.3

46.4 
± 
15.8

53% 64% 24.6 
± 4.9

23.9 
± 3.6

30.5 
± 13

33.4 
± 
16.6

8.4 ± 
2.1

17 ± 
1.75

NR NR

Muehldorfer
1999

PD vs
BotTox

12 / 12 43.3 
± 
40.3

47.2 
± 
41.1

58% 58% 37.7 
± 37

39.7 
± 
40.2

NR NR NR NR NR NR

Nabi 2021 Ant-POEM
vs Post-
POEM

55 / 34 40.1 
± 
16.8

41.3 
± 
14.5

37% 37% 52.9 
± NR

46.9 
± NR

36 NR 6.02 
± 1.33

6.75 
± 1.32

NR NR

Novais 2010 PD vs HM + 
Dor

47 / 47 52.3 
± 
13.6

46.5 
± 
14.3

53% 38% 28.3 
± 
13.7

30.3 
± 
12.2

NR NR NR NR NR NR
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Study Comparison N
(Int/Ctrl)

Age (Mean ± 
SD)

Male (%) Baseline LES
Pressure
(mmHg,
Mean ± SD)

Symptom
Duration
(months,
Mean ± SD)

Baseline
Eckardt Score
(Mean ± SD)

BMI (kg/m²,
Mean ± SD)

Int. Ctrl. Int. Ctrl. Int. Ctrl. Int. Ctrl. Int. Ctrl. Int. Ctrl.

Pasricha
1995

BotTox vs
Placebo

11 / 10 47 ± 
16.6

54 ± 
16.8

NR% NR% NR NR NR NR NR NR NR NR

Perrson 2014 PD vs
HM+Toupet

15 / 45 NR NR 40% 45% NR NR NR NR 7.1 ± 
1.2

5.9 ± 
1.6

NR NR

Ponds 2019 Ant-POEM
vs PD

63 / 63 NR NR 48% 57.6% NR NR 28 25 NR NR NR NR

Ramchandani
2018

Ant-POEM
vs Post-
POEM

30 / 30 38 ± 
13.4

43.9 
± 
15.7

50% 60% 38.7 
± 
16.2

34.2 
± 
17.5

52.2 35.6 7.3 ± 
1.3

7.03 
± 1.13

NR NR

Rawlings
2012

HM + Dor vs
HM+Toupet

36 / 24 46.8 
± 
12.4

51.7 
± 
13.7

52.8% 62.5% 35.4 
± 
15.2

45.1 
± 
27.9

21 22 NR NR NR NR

Richards
2004

HM vs HM 
+ Dor

21 / 22 50 ± 
13

50 ± 
12.75

52.4% 45.5% 35 ± 
28.5

33 ± 
26.2

NR NR NR NR NR NR

Saleh 2023 Post-POEM
vs PD

45 / 45 53 ± 
36.8

52 ± 
41.4

40% 35.6% 22.7 
± 
16.4

25.4 
± 
20.9

NR NR 6 ± 
3.06

5.33 
± 1.53

NR NR

Tan 2018 Ant-POEM
vs Post-
POEM

31 / 32 45.8 
± 
12.2

42.4 
± 
13.3

48.4% 43.8% 38.7 
± 7.5

36.2 
± 5.5

80.4 74.4 6.3 ± 
1.3

6.2 ± 
1.3

NR NR

Torquati 2005 HM vs HM 
+ Dor

21 / 22 40.9 
± 
14.3

40.1 
± 
15.5

42% 37% 25.9 
± 5.0

23.4 
± 4.6

39.7 
± 
27.1

41.5 
± 
22.9

24.7 24.7 8.89 
± 2.3

9.43 
± 3.7

Torres-
Villalobos
2018

HM + Dor vs
HM+Toupet

11 / 9 48.6 
± 
14.9

48.6 
± 
14.6

60.7% 55% 24.8 
± 4.6

24.5 
± 4.5

26.8 
± 
11.4

26 ± 
10.9

6.8 ± 
2.0

6.7 ± 
2.0

NR NR

Werner 2019 Ant-POEM
vs HM + Dor

112 /
109

45.6 
± 
40.7

49 ± 
41.5

45% 45% 29.6 
± 
30.7

38 ± 
39.9

24 18 NR NR NR NR

Zaninotto
2004

BotTox vs
HM + Dor

40 / 40 36.7 
± 
10.4

38.2 
± 9.9

44.8% 42.9% 30.4 
± 
12.8

32.2 
± 
11.7

29 28 NR NR NR NR

Zhu 2010 BotTox vs
PD vs
PD+BotTox

29 / 28 NR NR NR% NR% NR NR NR NR NR NR NR NR

Ten treatment modalities were evaluated across the network:

Placebo (2 studies), Botulinum Toxin injection (6 studies), Pneumatic Dilation (11 studies), Pneumatic Dilation + Botulinum Toxin (3 studies), Anterior
POEM (4 studies), Posterior POEM (4 studies), Heller's Myotomy (6 studies), Heller's Myotomy + Dor Fundoplication (6 studies), Heller's Myotomy + 
Toupet Fundoplication (4 studies), Heller's Myotomy + Nissen Fundoplication (1 study)

Risk of Bias
Overall, the majority of included trials were judged to have some concerns regarding risk of bias. The most commonly flagged domain was blinding of
participants and personnel, which was inherently difficult to achieve given the procedural nature of the interventions under comparison (e.g., surgical
vs. endoscopic vs. pharmacological). Several studies also raised concerns around allocation concealment and selective outcome reporting. Five trials
were rated as high risk of bias, primarily due to absence of blinding in outcome assessment or incomplete reporting of randomization procedures. Six
trials demonstrated low risk of bias across all domains. A detailed summary of the RoB 2 assessments for each included study is presented
(Supplementary Figs. 1 & 2). Given the procedural nature of the interventions, open-label designs were considered an inherent limitation across the
body of evidence rather than a study-specific flaw.

Network Geometry
The network plot for treatment failure comprised 10 nodes and 15 direct pairwise comparisons. The most replicated direct comparisons were Heller's
Myotomy + Nissen Fundoplication vs Heller's Myotomy and Pneumatic Dilation vs Botulinum Toxin, each supported by 3 direct trials. Pneumatic
Dilation was the most connected node, serving as the primary evidence hub. Two studies compared anterior versus posterior POEM directly. Placebo
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and Heller's Myotomy + Toupet Fundoplication were peripheral nodes with limited direct connections, meaning their comparisons with most other
treatments relied predominantly on indirect evidence (Fig. 2.1).

The network plot for mean change in LES pressure comprised 9 nodes and 15 direct pairwise comparisons. Botulinum Toxin and Pneumatic Dilation
were the most connected nodes. The most replicated direct comparison was Botulinum Toxin vs Pneumatic Dilation, supported by 3 direct trials.
Placebo remained a peripheral node (Fig. 2.2).

Convergence and Model Fit
All models converged satisfactorily (Rhat < 1.05; ESS > 400 for all parameters).

Inconsistency
No significant inconsistency was detected in either network. DIC comparison between the consistency and inconsistency (UME) models favored the
consistency model for both outcomes, supporting the validity of the transitivity assumption. Node-splitting analysis demonstrated compatible direct
and indirect estimates across all closed loops, with overlapping confidence intervals for all evaluated comparisons (Supplementary Figs. 3 & 4).

Treatment Failure

Bayesian NMA
All active treatments were significantly superior to Placebo for treatment failure, with 95% CrIs excluding 1 for all comparisons. Heller's Myotomy
showed the highest probability of sustained treatment success (OR 0.00016, 95% CrI 0.0000019 to 0.0048), followed by Anterior POEM (OR 0.00031,
95% CrI 0.0000046 to 0.0073) and Heller's Myotomy + Dor Fundoplication (OR 0.00043, 95% CrI 0.0000061 to 0.0094). Botulinum Toxin showed the
least favorable effect among active treatments (OR 0.013, 95% CrI 0.00027 to 0.23), followed by Pneumatic Dilation (OR 0.0022, 95% CrI 0.000036 to
0.044). Heller's Myotomy + Nissen Fundoplication produced an extreme estimate (OR 7.3×10⁻¹⁸, 95% CrI 2.0×10⁻⁴⁵ to 7.4×10⁻⁵) attributable to a single
study with zero events in one arm, and should be interpreted with caution (Fig. 3.1).

SUCRA Rankings
Treatment rankings for treatment failure were as follows: Heller's Myotomy + Nissen Fundoplication (SUCRA 87.7%, interpreted cautiously), Heller's
Myotomy (79.6%), Anterior POEM (77.1%), Heller's Myotomy + Dor Fundoplication (63.2%), Heller's Myotomy + Toupet Fundoplication (57.8%), Posterior
POEM (56.3%), Pneumatic Dilation + Botulinum Toxin (44.3%), Pneumatic Dilation (22.8%), Botulinum Toxin (11.1%), and Placebo (0%) (Fig. 3.2 & 3.3).

Frequentist Sensitivity Analysis
Results were consistent with the Bayesian primary analysis. All active treatments significantly outperformed Placebo, with the same directional
treatment hierarchy observed. No material differences in treatment rankings were noted between the two analytical frameworks (Supplementary
Fig. 5).

Mean Change in LES Pressure

Bayesian NMA
All active treatments produced significantly greater LES pressure reduction compared to Placebo, with 95% CrIs excluding zero for all comparisons.
Pneumatic Dilation + Botulinum Toxin achieved the greatest reduction (MD − 28 mmHg, 95% CrI − 40 to − 15), followed by Anterior POEM (MD − 24
mmHg, 95% CrI − 37 to − 11) and Heller's Myotomy (MD − 23 mmHg, 95% CrI − 37 to − 9). Pneumatic Dilation showed the smallest reduction among
active treatments (MD − 19 mmHg, 95% CrI − 31 to − 7) (Fig. 4.1). Most pairwise comparisons between active treatments did not reach statistical
significance, reflecting the predominantly indirect nature of these estimates.

SUCRA Rankings
Treatment rankings for LES pressure reduction were as follows: Pneumatic Dilation + Botulinum Toxin (SUCRA 93.5%), Anterior POEM (77.1%), Heller's
Myotomy (62.5%), Posterior POEM (57.7%), Heller's Myotomy + Toupet Fundoplication (54.4%), Botulinum Toxin (41.1%), Heller's Myotomy + Dor
Fundoplication (40.1%), Pneumatic Dilation (23.3%), and Placebo (0.3%) (Fig. 4.2 & 4.3).

Frequentist Sensitivity Analysis
Frequentist estimates were consistent with Bayesian findings in both magnitude and direction. The league table confirmed that Pneumatic Dilation + 
Botulinum Toxin produced the greatest LES pressure reduction across all pairwise comparisons, and Placebo was significantly inferior to all active
treatments. Treatment rankings were concordant between both analytical frameworks, strengthening confidence in the observed hierarchy
(Supplementary Fig. 6).

Certainty Assessment
The overall confidence in NMA estimates was Low for the majority of comparisons in both outcomes, with one comparison rated as Very Low and one
as Moderate. Across both outcomes, within-study bias was consistently rated as some concern, reflecting the predominantly open-label design of the
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included trials. Reporting bias was similarly rated as some concern across most comparisons, given the preponderance of small trials and the
possibility of selective publication within this literature. The most impactful source of downgrading was indirectness, since the majority of treatment-
versus-Placebo estimates relied predominantly or entirely on indirect evidence. Imprecision was rated as some concern for most comparisons,
reflecting wide credible intervals attributable to small sample sizes and sparse evidence for several treatment nodes. Notably, heterogeneity and
incoherence were rated as no concern across all comparisons in both outcomes, consistent with the I² of 0% and the absence of statistically significant
inconsistency on node-splitting analysis. The single Very Low rating in the treatment failure outcome corresponded to Heller's Myotomy + Nissen
Fundoplication, which was additionally downgraded for imprecision due to the extreme odds ratio arising from a single zero-event study, and should be
interpreted with particular caution. The Moderate confidence rating in the LES pressure outcome for Heller's Myotomy + Dor Fundoplication reflects the
availability of partial direct evidence and relatively narrower credible intervals for this comparison. (Supplementary Tables 2 & 3)

Discussion
This systematic review and Bayesian NMA, encompassing 26 RCTs and 10 treatment modalities, provides the most comprehensive probabilistic
synthesis of the evidence base for primary achalasia to date. The principal findings were consistent across Bayesian and frequentist analyses. First, all
active treatments significantly outperformed placebo on both outcomes. Second, surgical and endoscopic approaches showed lower rate of treatment
failure relative to botulinum toxin. Third, pneumatic dilation combined with botulinum toxin ranked the highest for LES pressure reduction by SUCRA,
though this finding requires cautious interpretation given the limited supporting evidence.

The superiority of surgical and endoscopic approaches over Botulinum Toxin and Pneumatic Dilation monotherapy on the treatment failure outcome is
consistent with the established mechanistic understanding of achalasia. Despite its relatively poor long-term efficacy, Botulinum toxin injection
continues to play an important role in elderly patients with comorbidities and as salvage therapy. This aligns with our finding that Botulinum Toxin
ranked second-to-last among active treatments for treatment failure (SUCRA 11.1%). The low ranking likely reflects its known pattern of symptom
relapse: after 48 months, all patients treated by a single Botulinum Toxin injection had experienced symptomatic relapse, compared with 35% of
patients treated by pneumatic dilation. Accordingly, current guidelines position Botulinum Toxin as a temporizing measure rather than definitive therapy
for treatment-eligible patients [7].

Heller's Myotomy ranked highest for treatment failure (SUCRA 79.6%) and Anterior POEM second (SUCRA 77.1%), consistent with the mechanistic
advantage of myotomy in permanently disrupting the hypertensive LES. POEM has improved efficacy compared to pneumatic dilation and shows
comparable patient outcomes when compared to laparoscopic myotomy, supporting its role as a feasible first-line treatment. The comparable rankings
of Heller's Myotomy, Anterior POEM, and Posterior POEM in the treatment failure hierarchy suggest that the route of myotomy, surgical versus
endoscopic, anterior versus posterior, may be less determinative of overall failure rates than the principle of LES disruption itself, echoing findings from
existing pairwise RCTs [36, 42].

Two randomized controlled trials comparing anterior and posterior POEM were identified during our systematic review, one of them could not be
incorporated into the pooled network meta-analysis due to missing outcomes of interest. Ramchandani et al. [48] conducted a single-center
randomized pilot study of 60 patients (30 per arm) and reported equivalent clinical efficacy at 6-month follow-up, with comparable Eckardt scores, LES
pressure change, and esophageal emptying on timed barium swallow between both approaches. Notably, however, mucosotomy rates were
significantly higher in the anterior group (20% vs. 3.3%, P = 0.02), and 24-hour pH monitoring at 3 months demonstrated significantly greater
esophageal acid exposure in the posterior group (DeMeester score 35.3 vs. 9.56, P = 0.04), though this did not translate into clinically or endoscopically
significant GERD differences between groups. Khashab et al. [51] subsequently conducted the largest multicenter randomized noninferiority trial to
date, enrolling 150 patients across six international tertiary centers with 1-year follow-up. Clinical success was equivalent between anterior (90%) and
posterior (89%) approaches, with no significant differences in adverse events, GERD rates by 24-hour pH monitoring, or quality of life measures. Closure
was rated as technically easier with the posterior approach, which also required fewer clips. Together, these trials converge on a consistent conclusion
that anterior and posterior POEM are clinically equivalent in terms of treatment success, with procedural nuances that do not appear to translate into
meaningful differences in patient outcomes. These findings are broadly concordant with our NMA, in which Anterior POEM ranked marginally higher
than Posterior POEM for both treatment failure and LES pressure reduction by SUCRA, but with substantially overlapping credible intervals that
preclude any confident claim of superiority. The modest SUCRA difference observed in our analysis should therefore be interpreted in light of these RCT
data, and technique selection should continue to be guided by operator familiarity, institutional experience, and individual patient anatomy rather than
by probabilistic rankings alone.

Our analysis included three variants of Heller's Myotomy combined with fundoplication. Heller's Myotomy + Dor Fundoplication (SUCRA 63.2% for
treatment failure) and + Toupet Fundoplication (SUCRA 57.8%) ranked closely, consistent with existing RCT evidence. Postoperative abnormal acid
reflux and dysphagia were similar in the studies comparing Dor and Toupet fundoplication after Heller's Myotomy, suggesting that the choice of anti-
reflux wrap does not materially affect treatment failure rates, and that surgeon experience and institutional preference appropriately guide this
decision. The lone Nissen Fundoplication estimate was based on a single zero-event study and is too unreliable for clinical interpretation, as discussed
previously.

Pneumatic Dilation combined with Botulinum Toxin ranked first for LES pressure reduction (SUCRA 93.5%; MD -28 mmHg, 95% CrI − 40 to -15 vs
Placebo). This finding should be interpreted with caution given that this comparison is supported by only two studies with predominantly indirect
evidence and a notably wide credible interval. The physiological rationale for the combination requires nuance. Botulinum Toxin only temporarily
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inhibits acetylcholine-mediated cholinergic activity at the LES while pneumatic dilation mechanically disrupts sphincter fibers, evidence on its long-term
durability remains limited. The discordance between this treatment's ranking for LES pressure (1st) and treatment failure (7th) highlights an important
limitation of using manometric outcomes as surrogates for clinical efficacy: LES pressure reduction does not always translate proportionally into
sustained symptom relief [54].

Several limitations warrant acknowledgment. First, Heller's Myotomy + Nissen Fundoplication is represented by a single trial with zero events in one
arm (Falkenback 2003), producing an extreme and unreliable Bayesian OR. While we retained this treatment in the network to preserve the topology of
indirect connections, its rankings and estimates should not be used to guide clinical decisions. Second, Placebo, the clinical reference, is a peripheral
node in both networks, meaning most comparative estimates are derived from indirect evidence, which is reflected in the predominantly Low CINeMA
ratings for indirectness. Third, the included trials span a wide publication period (1993–2023), during which diagnostic criteria, manometric
methodology, and surgical technique have evolved considerably, introducing clinical heterogeneity that I² alone may not fully capture. Fourth, follow-up
duration varied substantially across studies, and the NMA does not model time-to-failure trajectories, which are particularly relevant for Botulinum
Toxin whose efficacy is explicitly time-dependent. Fifth, achalasia subtypes per the Chicago Classification were not consistently reported across
included trials, precluding subgroup analysis by subtype, a recognized determinant of treatment response.

In conclusion, our systematic review and Bayesian NMA provides novel probabilistic ranking of all available treatment modalities for primary achalasia
within a unified framework, identifying Anterior POEM as the highest-ranking endoscopic approach by NMA-derived SUCRA scores, though this ranking
should be interpreted cautiously. In light of evidence by recent RCTs, these SUCRA rankings are best considered hypothesis-generating. The choice of
POEM technique should continue to be guided by surgeon experience, institutional expertise, and individual patient anatomy. Botulinum Toxin and
Pneumatic Dilation monotherapy appear most appropriate for patients who are not candidates for myotomy, or as a bridge to definitive therapy. The
apparent superiority of the combined Pneumatic Dilation + Botulinum Toxin approach on LES pressure is based on only two studies with predominantly
indirect evidence and should not be over-interpreted. Given the temporary nature of Botulinum Toxin and the discordance between this treatment's LES
pressure ranking (1st) and treatment failure ranking (7th), adequately powered RCTs incorporating both manometric and long-term clinical endpoints
are needed before this combination can be recommended in practice.
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Figure 1

Figure 1: PRISMA Summary Flowchart for the Inclusion Process
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Figure 2

Figure 2.1: Network Plot for Treatment Failure

Figure 3

Figure 2.2: Network Plot for Mean Lower Esophageal Pressure Change
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Figure 4

Figure 3.1: Bayesian Forest Plot for Treatment Failure

Figure 5

Figure 3.2: SUCRA Bar Rankings for Treatment Failure
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Figure 6

Figure 3.3: SUCRA for Treatment Failure

Figure 7

Figure 4.1: Bayesian Forest Plot for Mean Lower Esophageal Pressure Change
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Figure 8

Figure 4.2: SUCRA Bar Rankings for Mean Lower Esophageal Pressure Change

Figure 9

Figure 4.3: SUCRA for Mean Lower Esophageal Pressure Change
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