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No evidence for the benefit 
of PPIs in the treatment of acute 
pancreatitis: a systematic review 
and meta‑analysis
István László Horváth 1,2, Stefania Bunduc 1,3,4,5, Balázs Hankó 2, Dénes Kleiner 1,2, 
Alexandra Demcsák 6, Bence Szabó 1, Péter Hegyi 1,3,7 & Dezső Csupor 1,7,8*

Although current guidelines do not recommend the use of proton pump inhibitors (PPIs) in the 
standard of care of acute pancreatitis (AP), they are often prescribed in clinical practice, mainly for 
ulcer stress prophylaxis. In this systematic review and meta‑analysis we evaluated the association 
between the use of PPIs in the management of AP and various clinical outcomes. We conducted the 
systematic research in six databases without restrictions on January 24th, 2022. We investigated 
adult patient with AP, who were treated with PPI compared to conventional therapy. The pooled odds 
ratios, mean differences, and corresponding 95% confidence intervals were calculated with random 
effect model. We included six RCTs and three cohort studies, consisting of 28,834 patients. We found 
a significant decrease in the rate of pancreatic pseudocyst formation in patients who received PPI 
treatment. PPI use was associated with a higher risk of GI bleeding, however this finding could be 
due to the patients’ comorbid conditions. We found no significant difference in the rates of 7‑day 
mortality, length of hospital stay, and acute respiratory distress syndrome between the groups. The 
available data on this topic are limited; therefore, further well designed RCTs are needed to evaluate 
the potential benefits and adverse effects of PPIs in AP.

The incidence rate of acute pancreatitis (AP) has significantly increased worldwide in the past half  century1. The 
reason for this elevation seems to be a combination between the improvement of diagnostic tools, and a rise in 
the prevalence of AP risk factors such as ageing population, increased alcohol consumption and  obesity1. On 
the basis of the arising complications and severity/occurrence of organ failure, AP can be categorized as ‘mild’, 
‘moderately severe’ and ‘severe’ according to the revised Atlanta classification  system2. The overall mortality is 
around 2–3%, but it can reach 40% in severe  cases1,3,4.

Proton pump inhibitors (PPIs) are amongst the most frequently prescribed  medications5. Several nationwide 
studies showed that the prevalence of PPI use ranged between 7.4 and 15.5% in outpatient settings and from 
44.5 to 54.1% in inpatient settings, and their prescription has been constantly increasing over the past  years6–9. 
Although their short-term administration is usually without side effects, there is a growing concern regard-
ing their long-term complications (e.g., clostridioides infection, renal diseases, osteoporosis, dementia, small 
intestine overgrowth and malabsorption)10. In AP patients, acid suppression drugs are administered even more 
frequently according to an international cohort study on 17,422 patients, reaching 23.3% on admission and 
86.6% during  hospitalization11.

Acute gastric mucosal lesions caused by stress are more likely to occur in patients with severe  AP12, which 
increase the risk of GI bleeding and ulceration. Therefore, protecting the gastric mucosa seems to be a crucial 
therapeutic objective. The pillars of the acid secretion suppression are  H2-receptor inhibitors and PPIs. Theo-
retically, PPIs could also decrease the pancreatic exocrine secretion by inhibiting the activity of  H+/K+ ATPases 
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within the pancreatic ducts that are similar to the gastric  ATPases13. Experimental studies had controversial 
results regarding their capability of reducing pancreatic amylase  secretion14,15. Moreover, in experimentally 
induced pancreatitis, pantoprazole reduced inflammation and  necrosis15. Theoretically, PPI administration can 
be a good therapeutic option for the protection of the upper GI mucosa and to rest the inflamed pancreas.

The use of PPIs for the treatment of AP can be considered as an off-label indication; however, the usual 
indications of PPIs may coincide with AP treatment. Even though PPIs are commonly used in clinical practice, 
current AP guidelines do not specify their  administration16–19. Two cohort studies reported significantly increased 
severity among AP cases in which PPIs were prescribed that may be associated with an increased  mortality11,20. 
As previous studies had contradictory findings regarding the impact of PPIs on the prognosis of AP patients, 
our aim was to investigate the associations between PPIs in AP and various clinical outcomes in this systematic 
review and meta-analysis.

Results
Description of included studies. The systematic search resulted in 4864 records. We discarded 2141 
records in the manual and automatic duplicate removal process. After the title and abstract, and the full-text 
selection (Cohen’s kappa 0.95 and 1.00, respectively), we found nine eligible studies to include in the systematic 
review, comprising 28,834 patients. The detailed identification process and the patient characteristics are sum-
marized in Fig. 1 and Table 1, respectively.

The association between PPIs and complication rates in acute pancreatitis. The analysis of the pooled results 
from three  studies21–23 including 746 patients showed that in the intervention group the rate of pseudocyst 

Figure 1.  PRISMA flowchart. CENTRAL Cochrane Central Register of Controlled Trials, WoS Web of Science.



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2791  | https://doi.org/10.1038/s41598-023-29939-5

www.nature.com/scientificreports/

development decreased by 61% compared to the control group [OR 0.39; 95%CI 0.18–0.87;  I2 = 0%; Fig. 2A]. 
ARDS incidence was reported in three studies (746 patients), and there was no significant difference between 
the two groups in this concern [OR 0.56; 95%CI 0.04–8.59;  I2 = 59%; Fig. 2B]21–23. As for GI bleeding, our pooled 
results from four studies, including 27,963  patients11,20–24 revealed increased odds of occurrence in the cases of 
PPI administration [OR 1.81; 95% CI 1.41–2.33;  I2 = 17%; Fig. 2C].

Length of hospital stay. The pooled results from three trials (690 patients)21,22,25, including all severity forms 
of AP, did not show statistically significant difference between the groups regarding the length of hospital stay 
[MD − 3.47; 95% CI (− 12.32) to 5.39;  I2 = 91%; Fig. 3]. Wang et al.26 has reported on the length of hospital stay; 
however, we had to exclude the result from the analysis due to a contradiction between the written and graphical 
results.

Table 1.  Baseline characteristics of included articles. SD standard deviation, RCT  randomized controlled 
trial, PPI proton pump inhibitor, SoC standard of care, NR not reported, mg milligram, mcg microgram, IV 
intravenous, PO per os, q every, h hour, d day, GI gastrointestinal, ARDS acute respiratory distress syndrome, 
AKI acute kidney injury, LOHS length of hospital stay. *Min–max age was reported. **Age groups were 
reported.

Study Type Origin

Sample 
size 
(female 
%)

Mean 
age ± SD 
(years)

Acute 
pancreatitis 
severity

Experimental 
group

Experimental 
group sample 
size (female 
%)

Experimental 
mean age ± SD 
(years)

Control 
group

Control 
group 
sample 
size 
(female %)

Control 
group mean 
age ± SD 
(years) Outcome

Demcsák11 cohort Inter-
national

17,422 
(43.6%) 56.5 ± 17.9 All form

Dexlan-
soprazole, 
esomeprazole, 
ilaprazole, 
lansoprazole, 
omeprazole, 
pantoprazole, 
rabeprazole

12,764 (43.6%) 56.8 ± 17.9 SoC 4658 
(44.2% 55.6 ± 17.6 GI bleeding

Hong22 RCT China 96 (53.1%) NR* Severe

3 mg somato-
statin + 40 mg 
IV omeprazole 
q24h for 7d 
then 3 mg 
somatosta-
tin + 40 mg IV 
omeprazole 
q12h for 7d

48 (54.2%) NR* SoC 48 (52.1%) NR*
ARDS GI 
bleeding 
Pancreatic 
pseudocyst

Ma23 RCT China 45 (40.0%) 45.4 ± NR Severe

Octreotide 
50 mcg/h for 
72 h then 
25mcg/h for 
96 h + esome-
prazole 40 mg 
IV for 7d

24 (33.3%) 44.8 ± 10.6

octreotide 
50 mcg/h 
for 72 h 
then 
25mcg/h 
for 96 h
SoC

21 (47.6%) 46.0 ± 11.7
GI bleeding 
Laboratory 
parameters

Ma26 RCT China 66 (34.8%) 45.3 ± NR Severe Esomeprazole 
40 mg q24h 33 (30.3%) 46.1 ± 11.1 SoC 33 (39.4%) 44.6 ± 9.3 Mortality 

(7d)

Murata19 cohort Japan 10,400 NR** Severe Lansoprazole 
or omeprazole 3879 (33.1%) NR** SoC 6521 

(34.8%) NR** Mortality 
(7d)

Wang25 RCT China 160 
(46.3%) 63.4 ± NR Severe

3 mg somato-
statin + 40 mg 
IV esomepra-
zole q24h for 
7d then 6 mg 
somatosta-
tin + 40 mg IV 
esomeprazole 
q12h for 14d

80 (45.0%) 63.4 ± 8.0 SoC 80 (47.5%) 63.3 ± 8.5 LOHS

Xia20 RCT China 140 
(34.3%) 42.8 ± NR Severe

3 mg soma-
tostatin + 40 
omeprazole IV 
q24h for 7d

70 (37.1%) 41.67 ± 22.56 SoC 70 (31.4%) 43.85 ± 19.71

ARDS 
Mortality 
(7d) LOHS 
Pancreatic 
pseudocyst

Yoo24 RCT South 
Korea 40 (20.0%) 48.5 ± NR All form Pantoprazole 

IV or PO q12h 20 (15.0%) 49.3 ± 16.5 SoC 20 (25.0%) 47.6 ± 18.3 LOHS

Zhang21 cohort China 858 
(37.9%) 56.0 ± NR All form

Esomeprazole, 
omeprazole or 
pantoprazole

336 (45.5%) 56.59 ± 17.17 SoC 174 
(47.7%) 55.4 ± 17.03

ARDS
LOHS
Mortality 
(7d)
Pancreatic 
pseudocyst
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7‑day mortality. Mortality rates were variously reported across the eligible studies, in terms of moment of eval-
uation. We were able to perform a meta-analysis for mortality at seven days after diagnosis. In three  studies20,21,27 
including 10,607 patients, there were no significant differences between the experimental and the control group 
[OR 0.77; 95% CI 0.05–0.10.65;  I2 = 63%; Fig. 4].

Qualitative assessment. Due to insufficient data, we could not perform a meta-analysis for all the outcomes 
reported across the identified eligible reports.

Figure 2.  The addition of proton pump inhibitor treatment to standard of care in acute pancreatitis was 
associated with: (A) decreased pancreatic pseudocyst development rate; (B) no significant difference regarding 
development of ARDS; (C) increased odds of GI bleeding. OR odds ratio, CI confidence interval, RCT  
randomized controlled trial, COH cohort study, ARDS Acute Respiratory Distress Syndrome, GI gastrointestinal.
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Murata et al. reported overall mortality and mortality at 14 and 28  days20; Zhang et al. reported only in-hos-
pital  mortality22. Both cohort studies reported similar results, which seem to favour the control group (Table S1).

Two studies reported a decreased rate of acute kidney injury in the PPI  group21,22. PPI use seems to have a 
beneficial effect on oxidative, anti- and pro-inflammatory parameters. After the therapy of PPIs combined with 
somatostatin or octreotide in the intervention group (1) TNFα decreased; (2) pro-inflammatory interleukins (IL-
1ß; IL-6; IL-8) and CRP were lower or not significantly different from the control group; (3) anti-inflammatory 
interleukins (IL-4; IL-10) increased or were similar to the control group (Table S2).

Three studies reported decreased oxidative stress markers (malondialdehyde, lipid hydrogen peroxide and 
advanced oxidation protein products), chemokines (chemotactic factor protein, fractalkine, neutrophil chemo-
tactic factor); and increased antioxidant indicators (superoxide dismutase, glutathione peroxidase, and cata-
lase)23,24,26. Wang et al., Hong and Mi reported that there was decreased intestinal mucosal damage when PPIs 
were combined with somatostatin in the intervention group, based on the decreased serum levels of D-lactic 
acid and diamine-oxidase compared to the conventional treatment  group23,26.

Risk of bias and GRADE. Most of the included RCTs were evaluated as having some concerns. Potential biases 
emerged from the inappropriate reporting of the randomization process, the maintenance of blinding, and the 
measurement of outcomes. There were no accessible study protocols to investigate the selection of reported 
results except for the study by Ma et al.27 (Figs. S1, S2).

The studies by Demcsák et al. and Murata et al. were well-designed and with low risk of bias in every investi-
gated domain, except for the selection of reported results, where prior protocols were missing. In the cohort study 
conducted by Zhang, we found a critical level of bias in the selection of the participants: they selected patients 
by PPI intake after the start of the intervention. Furthermore, we found a moderate risk in the classification of 
intervention—they defined the intervention group after the start of the intervention, and in the measurement 
of outcomes. The outcome assessors were probably aware of the invention, yet they reported on strong objective 
outcomes, which were unlikely to be influenced by knowing the group the patients were assigned to (Fig. S3).

Figure 3.  The addition of proton pump inhibitor treatment to standard of care in acute pancreatitis was not 
associated with a significant change in length of hospital stay by comparison with standard of care alone. MD 
mean difference, CI confidence interval, RCT  randomized controlled trial, COH cohort study.

Figure 4.  The addition of proton pump inhibitor treatment to standard of care in acute pancreatitis was not 
associated with a significant change in mortality by comparison with standard of care alone. OR odds ratio, CI 
confidence interval, RCT  randomized controlled trial, COH cohort study.
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On the basis of the GRADE framework, the evidence level was very low in each investigated outcome 
(Table S3).

Discussion
AP research is currently dominated by studies on risk factors for  pancreatitis28–30, with a declining number of 
papers on therapeutic  options31. In this systematic review and meta-analysis, we investigated the association 
between PPIs addition to conventional therapy compared to conventional therapy alone in patients with AP. PPI 
use in the treatment of AP is associated with a decreased risk of developing pancreatic pseudocysts. However, 
there were no significant differences between the two groups in terms of 7-day mortality, length of hospital stay, 
and ARDS incidence rates. Furthermore, we found an increased risk of bleeding in the PPI group.

Pancreatic pseudocysts in AP are caused by the extravasation of pancreatic fluid. They can have either a spon-
taneous evolution to resorption in time or progress with complications like rupture, bleeding, and  infection32. In 
theory, PPIs cannot just reduce the gastric acid secretion, but also secretin-stimulated bicarbonate  secretion33. 
Experimental studies showed contradictory results regarding the inhibition of pancreatic enzyme production. 
Omeprazole failed to suppress amylase release in isolated pancreatic acini; however, pantoprazole significantly 
reduced amylase secretion in an experiment with  rats14,15. One case report showed a decrease in serum amylase 
level after PPI treatment: a patient had acute necrotizing pancreatitis secondary to 6-mercaptopurine (6-MP) 
therapy, which was resolved by octreotide therapy. However, when initiating 6-MP again, octreotide with 2 mg/
kg/day lansoprazole could decrease amylase to the normal  level34. Nevertheless, no trials to date have further 
evaluated the hypothesis. Furthermore, PPI elevates the gastric pH level, thus reducing secretin release, which 
further decreases pancreatic  secretion33. Our results suggest that there may be a link between PPI use and the 
decreased rate of pancreatic pseudocyst formation in AP.

In addition, our analyses showed that PPI treatment during AP does not have a significant effect on 7-day 
mortality, the length of hospital stay and the complication rate of ARDS, indicating no major benefits from add-
ing them to standard of care.

The accurate incidence of GI bleeding in AP is not documented well; however, the frequency of excessive GI 
haemorrhagic complications in AP are reported in 1.2% to 14.5% of the cases, leading to an increased  mortality35. 
On the basis of results, PPI treatment during AP was associated with increased risk for GI  bleeding11,20,23,24, 
which could be due to a variety of pancreatic and non-pancreatic conditions, e.g., history of peptic ulcer, and 
concomitant anticoagulation. In the prevention of upper GI bleeding, PPIs are indisputable, but they might not 
be as effective against lower GI bleeding, and might even cause small bowel injury by producing dysbiosis in the 
GI tract, especially when using concomitant warfarin, NSAIDs, or acetylsalicylic  acid36,37. None of the included 
articles reported on concomitant medications. Moreover, the cohort study by Demcsák et al.11 showed an asso-
ciation between PPI use and the severity of AP: a significant proportion of patients who were administered acid 
suppressants had moderate or severe episodes of AP. This finding is also supported by Murata et al.20.

In severe AP, the released inflammatory mediators (IL-1ß, IL-6 and TNFα) may induce gut dysbacteriosis, 
which could be enhanced by the acid suppressive effect of  PPIs38–40. One RCT including 66 patients, showed a 
significant increase in duodenal dysbiosis, duodenal bacterial overgrowth, and candida oesophagitis cases when 
using esomeprazole compared to conventional  therapy27. Furthermore, the released inflammatory mediators 
can cause hyperpermeability of the intestinal mucosa, which, together with bacterial overgrowth, could lead to 
bacteraemia. This effect can further activate pro-inflammatory cytokines, resulting in an enhancement of the 
inflammatory  processes40.

On the other hand, PPIs seem to be associated with a decreased pro-inflammatory cytokine release that 
would disrupt the barrier  functions41. Two studies showed that the serum levels of d-lactic acid and diamine 
oxidase, which rarely get absorbed from the GI tract in physiological conditions, were lower in the intervention 
group (which in this case included patients treated with PPI—somatostatin association) compared to the control 
group, and suggesting a protective effect on the intestinal barrier  function23,26. However, somatostatin might 
also have a protective role in the sepsis-induced gut barrier dysfunction according to an animal model  study42; 
therefore, combining PPI and somatostatin may have an enhanced protective effect. Moreover, PPIs may show 
scavenging properties for reactive oxygen  species41. However, somatostatin can express antioxidant effects and 
decrease cytokine levels; thus, it could also contribute to the anti-inflammatory effect, when administered in 
combination with  PPIs23. The mechanisms behind these effects have not yet been completely described, further 
investigations are needed.

PPIs are among the most overused medications, they are generally prescribed without any specific  indication5. 
Patients with AP received some kind of acid suppressive drugs in 23.3% of cases on admittance to the hospital, 
86.6% of the patients received them during hospitalization, and 57.6% when they were discharged from  hospital11. 
The prophylactic use of PPIs for stress ulcer prophylaxis in individuals with AP is an off-label indication. PPIs 
are regarded as safe medications, with a safe adverse effect profile; however, there are possible adverse reactions 
in the long-term. Drug-induced AP is responsible for 2–5% of the AP  cases43, and PPIs are rarely associated with 
its  onset44–48. Patients who have gastrointestinal reflux disease, peptic ulcer, dyspepsia or had prior GI bleeding 
are likely to be prescribed PPIs, even in an elevated dose. However, the inappropriate use of PPIs exposes the 
patient to harm, which could be prevented.

Even though PPIs are widely used during the treatment of AP, this is the first meta-analysis assessing their 
association with various AP related clinical outcomes. However, several limitations should be emphasized. There 
is a low number of trials available in the topic, and in many cases they have a moderate to high risk of bias, espe-
cially regarding randomization process, deviations from intended intervention, selection of reported results and 
outcome measurement. In the analyzed trials, different PPIs were used. Although the main mechanism of action 
of these drugs is common, their activity profiles are different which may influence their clinical effect in AP. 
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For example, omeprazole, in contrast to pantoprazole does not inhibit amylase release from isolated pancreatic 
 acini49. Furthermore, there is no information about the initiation and the duration of PPI therapy in report of 
AP onset, and follow-up times. Moreover, due to their small sample sizes, the RCTs were assigned low weights in 
the pooled results by comparison with the cohort studies, which can impact the overall effect measurement. This 
is important as they reported opposite results regarding outcomes like mortality and GI bleeding. The analysis 
of RCT data alone resulted in different results in case of these two outcomes: no significant differences could be 
detected between the two treatment groups.

Some of the results were associated with high heterogeneity that can be caused by the variability in the 
methods across the eligible studies—some of them included only severe AP cases; and standard of care differed 
across the studies—some included somatostatin analogue therapy although it is not recommended in the current 
guidelines. Somatostatin and, in theory, PPIs decrease the pancreatic exocrine function, thus they might have 
additional effects. However, there is no evidence supporting this  assumption33,50.

Translating scientific results to the daily practice is crucially  important51,52. The general use of PPIs is not 
recommended for AP treatment, only certain comorbidities (e.g., peptic ulcer, GERD, and Barret’s esophagus), 
can justify their use. However, on the basis of our results, patients who have a higher risk of developing pancreatic 
pseudocysts such as patients who smoke or have increased alcohol consumption, or have chronic pancreatitis, 
may benefit from the addition of a PPI to the conventional  therapy53.

Well-designed, RCTS with larger sample sizes are needed to confirm our results. The evaluated outcomes 
should be clearly defined, and efficacy assessment should be focused on objective parameters, like measurement 
of inflammatory markers or complication rate. Moreover, comorbidities and concomitant treatments for other 
diseases should be mentioned, and if possible, their impact should be assessed a multivariate analysis. For cohort 
analyses, the report of PPI indication would be essential, as our findings regarding the association of PPI treat-
ment with increased risk of GI bleeding is probably artefactual. Possibly, our finding is related to the fact that 
PPIs represent the treatment for upper GI bleeding.

Conclusion
Our meta-analysis pointed out that even though PPI use in AP treatment reduced the rates of pancreatic pseu-
docyst formation, it did not show significant effects on other outcomes. PPIs should be recommended only as an 
addition to the standard of care, if there is a relevant comorbidity or a higher risk for GI bleeding or developing 
pancreatic pseudocyst. There is a need for well-designed, RCTs to determine which populations would benefit 
most from PPI treatment during AP, and most importantly, which are the benefits and drawbacks of PPI use in 
this disease.

Methods
Search and selection strategy. The systematic review and meta-analysis were conducted by the recom-
mendations of the Cochrane  collaboration54, and the findings are reported by the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) 2020  statement55. The review protocol was registered in the 
International Prospective Register of Systematic Reviews (PROSPERO) database (CRD42022303136).

We used the PICO (Patient/Population, Intervention, Comparison and Outcomes) framework to formu-
late the research question, and to define eligibility criteria. We investigated adult patients with AP (P), who 
were treated with PPIs in addition to standard of care (I). The control group did not receive PPI (C), and we 
investigated outcomes (O) including mortality, length of hospital stay, complications, and change in laboratory 
parameters. As somatostatin analogues have no proven beneficial effect in the management of  AP56, the current 
AP guidelines do not recommend their  use16,17,19. We also included studies in which combinations of somato-
statin analogues and PPIs were used in the intervention group. As for study design, randomized controlled trials 
(RCTs) and cohort studies were eligible.

The systematic search was performed in six databases (Cochrane Central Register of Controlled Trials, 
Embase, MEDLINE, Scilit, Scopus, Web of Science) on the 24th of January 2022. The detailed search strategy is 
found in the supplementary material. We did not use restrictions or filter options during the search. The refer-
ence lists of the identified eligible studies were screened for further reports.

The results of the database searches were exported to a citation manager (EndNote X9; Clarivate Analytics, 
Philadelphia, PA, USA), where automatic and manual duplicate removal was performed by ILH. Two independ-
ent authors (ILH and DK) did the abstract and title, and the subsequent full-text selection according to the 
above-mentioned eligibility criteria. Cohen’s kappa coefficient was calculated for inter-rater reliability evaluation 
at each selection step. In case of a disagreement, a third author (DCs) made the final decision.

Non-English articles were translated using Google Translate® (Google LLC, Mountain View, CA, USA).

Data extraction. Two independent authors (ILH and DK) extracted the following data from each eligible 
study: first author, publication year, study origin, study design, number of patients (sample size), gender dis-
tribution, mean age, the severity of disease, applied medications and dosages, duration of the therapy and out-
comes according to previously mentioned PICO framework. The data was collected in Microsoft Excel (Micro-
soft, Office 365, Redmond, WA, USA). To extract data available in graphical format only, we used a dedicated 
software (Plot Digitizer 2.6.8, 2015).

Statistics. Odds ratios (OR) with 95% confidence interval (CI) were calculated as an effect size measure 
for categorical outcomes (rates of acute respiratory distress syndrome (ARDS), pseudocyst formation, 7-day 
mortality, and GI-haemorrhage) using the total number of patients and the number of events in each group 
as reported in each study. For continuous outcomes (length of hospital stay), the mean difference between the 
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groups and the corresponding 95% CI was calculated to measure the effect size using the means and standard 
deviations reported across the eligible articles.

Due to the anticipated considerable between-study heterogeneity, random-effects model was used to pool 
effect sizes. Pooled OR was calculated by the Mantel–Haenszel  method57–59. The exact Mantel–Haenszel method 
(without continuity correction) was used to handle zero cell  counts60,61. Inverse variance weighting method 
was used to calculate the pooled mean difference. For all outcomes, a Hartung–Knapp  adjustment62,63 was used 
to ensure a conservative estimation of the effect size CIs. For continuous outcomes the restricted maximum-
likelihood estimator and for OR measures the Paule–Mandel  method64 were applied to estimate the variance 
with the Q profile method for  CI65.

Between-study heterogeneity was described by means of Cochrane Q test, and the Higgins and Thompson’s 
 I2  statistics66. To estimate the heterogeneity variance measure τ2 was used. Forest plots were used to graphically 
summarize the results. In case of mean difference effect size measures, the CI of individual study was calculated 
based on the t-distribution. Outlier and influence analyses were carried out by conducting a leave-one-out 
analysis, and comparing the results of the leave-one-out runs and the original meta-analysis67,68. All statistical 
analyses were performed with R [v4.1.2] using the meta [5.2.0] package.

Risk of bias and certainty of evidence assessment. Two authors (ILH and DK) independently evalu-
ated the risk of bias for each included study, and a third author (DCs) resolved the disagreements. The revised 
Cochrane Risk-of-Bias tool (RoB2)69 was used to assess the bias in RCTs, whereas the cohort studies were evalu-
ated by Risk Of Bias in Non-randomized Studies-of Intervention (ROBINS-I)  tool70.

The framework Grading of Recommendations, Assessment, Development and Evaluations (GRADE) and the 
corresponding  tool71 were used to evaluate each outcome for certainty of evidence. Each outcome was rated for 
risk of bias, inconsistency, indirectness, imprecision, publication bias, and the presence of a large effect, dose-
dependent response, and plausible confounders as ‘not serious’, ‘serious’, or ‘very serious’. The final certainty of 
the evidence was categorized as ‘very low’, ‘low’, ‘moderate’, or ‘high’.

Data availability
Data used for the analysis are available from the corresponding author upon reasonable request. The datasets 
used in this study can be found in the full-text articles included in the systematic review and meta-analysis.
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