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Objective: To compare the outcomes of four types of cardioplegia during cardiac surgery: del Nido (DN), blood cardioplegia (BC), histidine-tryptophan-ketoglutarate (HTK) and St. Thomas.

Methods: Randomized controlled trials (RCTs) and observational cohort studies from 2005 to 2021 were identified in PubMed, Embase, and Cochrane databases. Data were extracted for the primary endpoint of perioperative mortality as well as the following secondary endpoints: atrial fibrillation, renal failure, stroke, use of an intra-aortic balloon pump, re-exploration, intensive care unit stay and hospital stay. A network meta-analysis comparing all four types of cardioplegia was performed, as well as direct meta-analysis comparing pairs of cardioplegia types.

Results: Data were extracted from 18 RCTs and 49 observational cohort studies involving 18,191 adult patients (55 studies) and 1,634 children (12 studies). Among adult patients, risk of mortality was significantly higher for HTK (1.89, 95% CI 1.10, 3.52) and BC (RR 1.73, 95% CI 1.22, 2.79) than for DN. Risk of atrial fibrillation was significantly higher for BC (RR 1.41, 95% CI 1.09, 1.86) and DN (RR 1.51, 95% CI 1.15, 2.03) than for HTK. Among pediatric patients, no significant differences in endpoints were observed among the four types of cardioplegia.

Conclusions: This network meta-analysis suggests that among adult patients undergoing cardiac surgery, DN may be associated with lower perioperative mortality than HTK or BC, while risk of atrial fibrillation may be lower with HTK than with BC or DN.
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Introduction

During cardiac surgery, cardiac arrest is typically induced using cardioplegia under cardiopulmonary bypass (CPB) in order to ensure a bloodless surgical field and to protect the myocardium (1). Inadequate cardiac protection can increase the risk of perioperative mortality, atrial fibrillation, renal failure, stroke, use of an intra-aortic balloon pump (IABP), and extended stay in the intensive care unit (ICU) or hospital more generally. Several types of cardioplegia have been routinely performed since the 1950s (2). Common types of cardioplegia involving only crystalloid materials include the St. Thomas type and the histidine-tryptophan-ketoglutarate (HTK) type (3). The St. Thomas type involves an extracellular solution (4), while HTK involves an intracellular solution. HTK is widely used in cardiac and transplant surgeries to preserve organs (5).

Two other types of cardioplegia involve mixtures of crystalloids and blood products. The original blood cardioplegia (BC) is usually performed using a 1:4 mixture of the two. Del Nido (DN) cardioplegia, involving a 4:1 mixture, has recently entered clinical use (6). First used for pediatric cardiac surgery, it is now frequently used also for adult cardiac surgery (7).

Pairs of cardioplegia types have been compared in several clinical trials, but the results for a given pair have not always been consistent, and some techniques have not yet been compared head-to-head. Here we conducted a network meta-analysis (NMA) to evaluate the safety and efficacy of the four types of cardioplegia, based on direct and indirect evidence (8). We hope to provide clinical evidence to guide the choice of cardioplegia type.



Methods

This NMA was performed according to the appropriate PRISMA extension (9) and MOOSE guidelines (10).


Study selection and exclusion

We developed strategies for searching the literature and performing meta-analysis based on the following PICOS criteria: patients, adults or children undergoing cardiac surgery; intervention and comparator, any comparison involving DN, BC, HTK and/or St. Thomas types of cardioplegia; outcomes, perioperative mortality (defined as in-hospital or 30-day mortality) as the primary outcome, as well as atrial fibrillation, renal failure, stroke, use of an IABP, re-exploration, ICU stay, and hospital stay as secondary outcomes; studies, randomized controlled trials (RCTs) or observational cohort studies.

Thus, to be included in the meta-analysis, studies had to be RCTs or observational cohort studies of patients undergoing cardiac surgery involving at least one of the four types of cardioplegia: DN, BC, HTK or St. Thomas. The endpoint of each outcome depended on the longest follow-up in each study.

Studies were excluded from our review if they were conducted on animals or in vitro, if we did not have access to the full text, or if the study sample overlapped with a sample in a more recent study. We also excluded letters, commentaries, conference proceedings and trial protocols.



Search strategy

Literature in the PubMed, Embase and Cochrane databases was systematically searched using the following search terms: cardiac surgery, del Nido, HTK solution, St. Thomas' solution, blood cardioplegia, randomized controlled trial and cohort study (Supplementary Tables 1–3). The range of possible publication dates was limited to 01 January 2005 through 31 December 2021. Publication language was limited to English. Disagreements about study inclusion were resolved through discussion; if necessary, a senior reviewer (J.G.) was consulted.



Data extraction

Data were extracted from the selected studies by three reviewers (Y.-S. Wang, J.-G. Xiong, X.Y.) using a standard collection form consistent with the guidelines of the Cochrane Collaboration for Systematic Reviews (11). The following data were extracted: the first author of the study, publication year, country, intervention, sex, sample size, mean age, median cross time, median CPB time, temperature of cardioplegia solution, redosing interval, route of delivery, types of cardiac surgery, perioperative mortality, atrial fibrillation, renal failure, stroke, IABP, re-exploration, ICU stay, and hospital stay. Discrepancies in the data extracted by the three reviewers were resolved through discussion and, if necessary, consultation with a senior investigator (L.D.). Missing standard deviations were estimated from interquartile ranges according to the guidelines of the Cochrane Collaboration for Systematic Reviews (11, 12).



Quality assessment

The methodological quality of RCTs was evaluated based on the Cochrane risk of bias tool (11), which assesses the following items: (1) random sequence generation, (2) allocation sequence concealment, (3) blinding of participants and personnel, (4) blinding of the outcome assessment, (5) incomplete outcome data, (6) selective reporting, and (7) other biases. The quality of observational cohort studies was assessed using the Newcastle-Ottawa Scale (NOS) (13).



NMA of cardioplegia types

The transitivity assumption (14) was evaluated by comparing the distribution of the following potential effect modifiers across studies: publication frequency, median cross time, median CPB time, sex, and mean age. Means were compared in a pairwise fashion using Student's t test and across general groups using analysis of variance (ANOVA). P < 0.05 was considered significant. Pooled results were reported in terms of the mean difference (MD) for continuous outcomes or risk ratio (RR) for dichotomous outcomes, together with the corresponding 95% confidence intervals (CIs).

A random-effect model was used for the NMA. For each outcome, a network plot was established, in which each node represented an intervention and the size of nodes and thickness of connections between them reflected the number of studies involved in the comparison. The results were shown in a league plot. Interventions were ranked according to their surface under the curve cumulative ranking probabilities (SUCRA) (15). Higher score in the ranking meant greater likelihood that the given treatment would produce the greatest benefit.



Subgroup analysis

The NMA was repeated for all outcomes using data either only from RCTs or only from cohort studies.



Pairwise meta-analysis

Direct pairwise meta-analysis of cardioplegia types was conducted, and the results were reported in terms of RR and MD, together with the corresponding 95% CIs. Heterogeneity of pooled data was assessed using Cochrane's Q test and the I2 statistic (16). P > 0.1 in the Q test and I2 = 0% were taken to indicate absence of heterogeneity. Data were meta-analyzed using the Mantel–Haenszel fixed-effect model when P > 0.1 and I2 <50%; otherwise, they were analyzed using a random-effect model.



Network consistency

The consistency between direct and indirect evidence was evaluated using node-splitting analysis, in which P < 0.05 was considered to indicate inconsistency (17). For comparisons involving at least 10 studies, comparison-adjusted funnel plots were generated and visually inspected: plots that were symmetrical along the midline were considered to indicate the absence of low-quality studies with small samples (14). The Egger regression test was conducted to assess the asymmetry of the funnel plot, with P > 0.05 taken to indicate no significant publication bias.

All analyses and plots were generated in R 3.4.0 (https://www.r-project.org). The following R packages were used: “gemtc” (18), “rjags” (19), “dmetar” (20), “ggplot2” (21), “BUGSnet” (22) and “netmeta” (23).




Results


Selected studies

The electronic literature search retrieved a total of 616 articles from PubMed, Embase, and Cochrane (Figure 1), of which 109 were excluded as duplicates and 356 were excluded based on their titles or abstracts. Manual searching of reference lists in relevant articles identified another 33 studies. After reviewing the full text of 184 studies, 67 were retained, comprising 18 RCTs and 49 observational cohort studies involving altogether 19,825 patients. Each study involved one or more of the following types of cardioplegia: BC, HTK, DN and St. Thomas (Supplementary Tables 4, 5).
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FIGURE 1
 Flowchart for searching and identifying eligible studies.




Risk of bias within studies

Assessment of bias in the 18 RCTs was summarized in Supplementary Table 6. One trial was judged as having low risk of bias, two as having high risk of selective reporting, and the remaining 15 as having unclear risks. There was insufficient information to assess the existence of other bias.

Bias in observational cohort studies was assessed using the Newcastle–Ottawa scale (Supplementary Table 7). All studies scored 6 or higher.



Outcomes for adult patients

Among the 67 studies, 55 were adult trials involving 18,191 patients with a mean age from 40 to 75 years, the majority of whom were male (65%). Sample size per study ranged from 40 to 2,108 patients (median, 154). Median cross time ranged from 33 to 161 min. Median CPB time ranged from 52 to 215 min. BC was the most frequent type of cardioplegia. Potential effect modifiers showed transitivity across the trials. Participants were similar in median cross time, median CPB time, proportion of males and mean age for all four types of cardioplegia (Supplementary Figure 1). More detailed information was shown in Supplementary Tables 4, 5.


Perioperative mortality

Trials involving adults most often performed pairwise comparisons of BC with DN (30 trials, 10,008 patients) or HTK (6 trials, 5,011 patients; Figure 2A; Table 1). Risk of perioperative mortality was significantly higher for BC (RR 1.73, 95% CI 1.22, 2.79) and HTK (RR 1.89, 95% CI 1.10, 3.52) than for DN. In contrast, risk of mortality was similar for HTK as for BC (RR 1.09, 95% CI 0.67, 1.69; Figure 2B).
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FIGURE 2
 Network analysis of perioperative mortality across all adult trials. (A) The network plot shows the interventions included in the network analysis. Each node represents an intervention, and the thickness of connections between nodes reflects the number of studies in the comparison. (B) The league plot for perioperative mortality. The number in each cell refers to the comparison between the given column and row. Statistically significant results are marked with double asterisks. (C) Plot of the surface under the cumulative ranking curve (SUCRA). BC, blood cardioplegia; DN, del Nido cardioplegia; HTK, histidine-tryptophan-ketoglutarate cardioplegia.



TABLE 1 Meta-analyses of trials directly comparing two types of cardioplegias.
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SUCRA ranking based on direct and indirect comparisons assigned a higher ranking to St. Thomas. However, the NMA resulted in non-significant RRs with wide CIs: St. Thomas vs. DN, RR 0.91, 95% CI 0.36, 2.23; St. Thomas vs. BC, RR 0.52, 95% CI 0.19, 1.29; and St. Thomas vs. HTK, RR 0.48, 95% CI 0.18, 1.20 (Figures 2B,C).

Pairwise meta-analysis of types of cardioplegia revealed no significant differences (Table 1). The pooled data in these pairwise comparisons showed low heterogeneity, with I2 ranging from 0 to 9%.



Atrial fibrillation

Twenty-five trials involving 5,998 patients compared DN with BC for this outcome (Figure 3A; Table 1). In this NMA, the risk of atrial fibrillation was significantly higher for BC (RR 1.41, 95% CI 1.09, 1.86) and DN (RR 1.51, 95% CI 1.15, 2.03) than for HTK. Risk was similar among St. Thomas, BC and DN (Figure 3).
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FIGURE 3
 Network analysis of atrial fibrillation across all adult trials. (A) The network plot shows the interventions included in the network analysis. Each node represents an intervention, and the thickness of connections between nodes reflects the number of studies in the comparison. (B) The league plot for atrial fibrillation. The number in each cell refers to the comparison between the given column and row. Statistically significant results are marked with double asterisks. (C) Plot of the surface under the cumulative ranking curve (SUCRA). BC, blood cardioplegia; DN, del Nido cardioplegia; HTK, histidine-tryptophan-ketoglutarate cardioplegia.


Pairwise meta-analysis indicated significantly higher risk of atrial fibrillation for DN than for BC (RR 1.09, 95% CI 1.00, 1.19; I2 = 23%; 25 studies, 5,998 patients). Consistent with the NMA, HTK was associated with lower risk than BC (RR 0.73, 95% CI 0.59, 0.91; I2 = 0%; 4 studies, 743 patients; Table 1).



Other outcomes

For most other outcomes, trials compared DN with BC: renal failure, 17 trials involving 4,694 patients; stroke, 24 trials involving 6,332 patients; IABP, 11 trials involving 3,881 patients; re-exploration, 13 trials involving 3,581 patients; ICU stay, 23 trials involving 4,376 patients; and hospital stay, 22 trials involving 4,686 patients. In the NMA, SUCRA rankings differed across the types of cardioplegia for different outcomes. Nevertheless, the four types did not differ significantly in risk of renal failure, stroke, IABP, re-exploration, or length of stay in the ICU or hospital (Table 1; Supplementary Figures 2–7).

Pairwise meta-analysis showed that DN was associated with longer length of hospital stay than HTK (MD 0.60, 95% CI 0.31, 0.89; 1 trial, 182 patients). No significant differences were observed in pairwise comparisons of renal failure, stroke, IABP, re-exploration or length of ICU stay (Table 1).



Subgroup analysis

For NMA of only RCTs, no significant differences were observed in perioperative mortality, atrial fibrillation, renal failure, length of ICU or hospital stay. Other outcomes could not be analyzed for lack of data (Supplementary Figures 8–13).

For NMA of only cohort studies, risk of perioperative mortality was significantly higher for BC (RR 1.71, 95% CI 1.19, 2.80) and HTK (RR 1.97, 95% CI 1.12, 3.91) than for DN. DN showed higher risk of atrial fibrillation than HTK (RR 1.48, 95% CI 1.01, 2.23). These results were consistent with NMA of all studies. No significant differences were observed in the other secondary outcomes (Supplementary Figures 14–22).



Network consistency

Node-splitting analysis did not detect significant inconsistency between direct and indirect evidence for any outcomes (P > 0.05; Supplementary Table 8). Neither comparison-adjusted funnel plots nor the Egger test indicated significant publication bias (P > 0.05; Supplementary Figure 23).




Outcomes for pediatric patients

Twelve studies involved 1,634 pediatric patients, whose mean age ranged from 18.6 days to 8.7 years. Sample size ranged from 50 to 500 patients (median, 101), 53% of whom were male. Median cross time ranged from 48 to 165 min, and median CPB time from 66 to 233 min. Potential effect modifiers showed high transitivity across the trials (Supplementary Figure 24; Supplementary Tables 4, 5).


Perioperative mortality

Synthesis of direct and indirect comparisons in the NMA showed that the four types of cardioplegia did not differ significantly in risk of mortality. The high proportion of indirect comparisons led to non-significant RRs with wide CIs: HTK vs. DN, RR 0.72, 95% CI 0.13, 3.49; HTK vs. St. Thomas, RR 0.53, 95% CI 0.09, 3.10; HTK vs. BC, RR 0.36, 95% CI 0.07, 1.29 (Figure 4). Nevertheless, HTK had a higher SUCRA value.
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FIGURE 4
 Network analysis of perioperative mortality across all pediatric trials. (A) The network plot shows the interventions included in the network analysis. Each node represents an intervention and the thickness of connections between nodes represent the number of studies involved in a comparison. (B) The league plot for perioperative mortality. The number in each cell refers to the comparison between the given column and row. (C) Plot of the surface under the cumulative ranking curve (SUCRA). BC, blood cardioplegia; DN, del Nido cardioplegia; HTK, histidine-tryptophan-ketoglutarate cardioplegia.


Pairwise meta-analysis of one trial indicated significantly lower risk of mortality with HTK than with St. Thomas (RR 0.17, 95% CI 0.03, 0.89, 101 patients; Table 1).



ICU and hospital stay

NMA indicated no significant differences in either ICU stay or hospital stay among the four types of cardioplegia. Nevertheless, SUCRA ranked HTK first and St. Thomas last for shorter ICU stay and hospital stay. Other outcomes could not be analyzed for lack of data (Supplementary Figures 25, 26).

Pairwise meta-analysis of one trial with 101 patients showed that HTK was associated with significantly shorter ICU stay (MD−242.40, 95% CI−276.47,−208.33) and hospital stay (MD−11.50, 95% CI−13.07,−9.93) than St. Thomas. Another study showed that DN was associated with significantly shorter hospital stay than HTK (MD−0.76, 95% CI−1.15,−0.37; Table 1).



Subgroup analysis

For NMA of only RCTs, risk of perioperative mortality was significantly higher for BC (RR 7.54, 95% CI 1.13, 96.04) than for HTK. These results should be interpreted with caution because only BC, DN and HTK were directly compared, and the CIs are extremely broad. Length of ICU and hospital stay did not differ among the four types of cardioplegia (Supplementary Figures 27–30).

For NMA of only cohort studies, no significant differences were observed in perioperative mortality, length of ICU or hospital stay (Supplementary Figures 31–34).



Network consistency

Node-splitting analysis did not detect significant disagreement between direct and indirect evidence for outcomes in pediatric patients, except for comparisons of ICU stay for DN and HTK vs. St. Thomas (P < 0.05; Supplementary Table 8). Funnel plots were not generated for pediatric trials since fewer than 10 studies were pooled for each outcome.





Discussion

Ideally cardioplegia should achieve rapid diastolic arrest and show satisfactory myocardial protection, reversibility and low toxicity (2). Since the concept of chemical cardiac arrest was first proposed in the 1950s (24), different types of cardioplegia have been developed and compared, but it is unclear which types are optimal for different types of cardiac surgery patients. Systematic reviews and meta-analyses have come to conflicting conclusions (25–30). To our knowledge, the present NMA provides the first indication that both HTK and BC may be associated with higher risk of perioperative mortality than DN in adult patients. In children, however, HTK might be of greater benefit than the other three types of cardioplegia in terms of perioperative mortality, ICU stay and hospital stay, though the differences among the four types did not achieve statistical significance in our analyses. This study may help guide the selection of cardioplegia for adult and pediatric patients undergoing cardiac surgery.

Previous meta-analyses of adult patients reported comparable risk of mortality for different types of cardioplegia, but the analyses diverged on whether different types were associated with similar risk of adverse cardiac events. For example, one study (27) concluded that compared to crystalloid cardioplegia, BC was associated with lower risk of low output syndrome (LOS) and early increase in creatine kinase–myocardial band (CK-MB), but similar risk of myocardial infarction (MI). Another study (30) reported lower incidence of perioperative MI with BC than crystalloid cardioplegia, but similar incidences of other cardiac events. A meta-analysis (29) found no difference in LOS or MI between BC and crystalloid cardioplegia. It is difficult to compare those previous studies with one another or with the present work because of differences in sample size as well as potential differences in risk factors among the patients and in the type of crystalloid cardioplegia, which was usually not specified.

Our work goes beyond an NMA of seven types of cardioplegia in adult cardiac surgery (31). That analysis, based on studies retrieved up to 29 November 2020, defined the primary outcome as serum concentrations of myocardial injury markers. Comparisons mostly involved cold, warm or warm terminal BC and/or crystalloid cardioplegia, but not adequate in St. Thomas or HTK. That analysis reported no significant differences among the seven types of cardioplegia, but this may reflect the small samples of the included studies. The present NMA drew on data published through 31 December 2021 to compare four types of cardioplegia in terms of the primary outcome of perioperative mortality.

In fact, the present NMA draws on a large sample to provide perhaps the most detailed comparison of outcomes among four well-defined types of cardioplegia. The NMA showed that, among adult patients, DN may be associated with lower risk of perioperative mortality than HTK or BC. On the other hand, HTK may be associated with lower risk of atrial fibrillation than DN and BC. Pairwise meta-analysis also suggested a lower risk of atrial fibrillation with HTK than with BC. However, NMA and pairwise meta-analysis did not agree on how DN compared with HTK or BC in terms of atrial fibrillation. DN is a diluted variation of BC, which provides oxygen for myocardial aerobic metabolism, as well as low levels of calcium ion and small numbers of leukocytes. This may mitigate calcium overload and leukocyte-induced inflammation. HTK, for its part, has been shown to protect the myocardium for up to 3 h after a single dose (32). On one hand, the prolonged intermittent myocardial perfusion in HTK may aggravate myocardial ischemia injuries; on the other hand, the perfusion solution in HTK may promote ATP-generating glycolysis, inhibit inflammation by generating NO, and neutralize acidosis. As a result, atrial muscle consumes little oxygen during HTK, which may reduce the risk of atrial fibrillation.

Similar with previous meta-analysis of outcomes (28), our NMA also showed that there was no difference between blood or crystalloid types of cardioplegia with regard to mortality, length of ICU stay or hospital stay in pediatric cardiac surgery. However, in NMA involving only RCTs, HTK was associated with significantly lower risk of mortality than BC for children. This discrepancy may reflect the anatomical, functional and metabolic differences between immature and adult myocardium, which make the pediatric heart more resistant to ischemia than adult heart (33). Up to 90% of ATP in myocardium is generated through the oxidation of fatty acids in adults, but through the oxidation of glucose in children (34). Tryptophan and ketoglutaric acid in HTK enhance myocardial glycolysis during ischemia and maintain high levels of intracellular ATP via two energy-generating pathways (35), which may explain its superior performance in pediatric cardiac surgery. At the same time, the lack of calcium in HTK may alleviate intracellular calcium overload during ischemia/reperfusion, to which pediatric myocardium is more sensitive than adult myocardium (36). On the other hand, HTK can induce hyponatremia, which may lead to postoperative seizures in pediatric patients (35). Few pediatric studies in our NMA reported data on this complication, so further study of HTK and pediatric cardiac protection is needed.


Limitations

First, we did not limit our NMA to RCTs, since we considered that increasing the overall sample by adding high-quality observational cohort studies could improve the level of evidence. To assess the effects of the different types of study, NMA was re-analyzed based on data only from RCTs or only from cohort studies. Nevertheless, patients receiving St. Thomas showed significantly younger mean age than those receiving HTK in cohort studies of adults. In addition, the proportions of male patients receiving St. Thomas differed significantly from those receiving BC or HTK among RCTs of adults. Thus, our results from subgroup analyses should be interpreted with caution.

Second, the size of pooled samples for each type of cardioplegia varied widely, from 9,433 patients in 50 trials for BC and 6,465 patients in 51 trials for DN, to 2,325 patients in 19 trials for HTK or 1,602 patients in 15 trials for St. Thomas. This variation may make our comparisons less reliable, particularly those involving St. Thomas. Large RCTs involving St. Thomas are needed for future study.

Third, although the NMA showed statistical consistency, we cannot entirely exclude the presence of imbalances in effect modifiers and therefore residual confounding bias. Such modifiers may include the complexity of surgery, anesthetic method, type and extent of cardiac disease, and overall myocardial protection strategy (37). Variations in these modifiers may help explain differences between our NMA and pairwise meta-analysis. The EuroSCORE can assess the risk of heart surgery (38), but we were unable to compare this score across types of cardioplegia because most studies did not report it at the patient level. More evidence from RCTs and meta-analysis are needed to define the benefit–risk profiles for different types of cardioplegia in cardiac surgery.

Fourth, our study included relatively few pediatric trials, preventing us from conducting subgroup analyses based on age or cyanotic differences. Such analyses are important for determining which types of cardioplegia provide better myocardial protection to pediatric patients.

Finally, we searched only three research databases and considered only studies published in English. We also started with studies from 2005 because before that year, most studies focused on comparing only BC and crystalloid cardioplegia (27). This may increase risk of selection bias. Nevertheless, we did not detect evidence of significant publication bias or bias in the transitivity of potential effect modifiers.




Conclusions

This NMA of four types of cardioplegia widely used during cardiac surgery suggests that in adult patients, DN may be associated with lower perioperative mortality than HTK and BC, while HTK may be associated with lower atrial fibrillation risk than DN and BC. Large, multicenter RCTs are needed to thoroughly define benefit–risk profiles for different types of cardioplegia in cardiac surgery.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

JG raised the idea of this study and developed strategies for study selection. JL and JT searched for the studies. JT designed and wrote the manuscript. Statistical analysis was completed by SB. YW, JX, and XY participated in data collection and quality assessment of the included studies. JG and LD provided the consultations and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the 1·3·5 Project for Disciplines of Excellence-Clinical Research Incubation Project of West China Hospital, Sichuan University, China (Grant No. 2017-120).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.996744/full#supplementary-material



Abbreviations

BC, blood cardioplegia; CI, confidence interval; CPB, cardiopulmonary bypass; DN, del Nido cardioplegia; HTK, histidine-tryptophan-ketoglutarate cardioplegia; IABP, intra-aortic balloon pump; ICU, intensive care unit; MD, mean difference; RCT, randomized controlled trial; RR, risk ratio.



References

 1. Lazar HL. Commentary: the role of del nido cardioplegia in adult cardiac surgery: the jury is still out. J Thorac Cardiovasc Surg. (2021) 162:523–5. doi: 10.1016/j.jtcvs.2020.01.062

 2. Chambers DJ, Fallouh HB. Cardioplegia and cardiac surgery: pharmacological arrest and cardioprotection during global ischemia and reperfusion. Pharmacol Therapeut. (2010) 127:41–52. doi: 10.1016/j.pharmthera.2010.04.001

 3. Gambardella I, Gaudino MFL, Antoniou GA, Rahouma M, Worku B, Tranbaugh RF, et al. Single- versus multidose cardioplegia in adult cardiac surgery patients: a meta-analysis. J Thorac Cardiovasc Surg. (2020) 1:1195–202. doi: 10.1016/j.jtcvs.2019.07.109

 4. Maruyama Y, Chambers DJ, Ochi M. Future perspective of cardioplegic protection in cardiac surgery. J Nippon Med Sch. (2013) 80:328–41. doi: 10.1272/jnms.80.328

 5. Edelman JJ, Seco M, Dunne B, Matzelle SJ, Murphy M, Joshi P, et al. Custodiol for myocardial protection and preservation: a systematic review. Ann Cardiothorac Surg. (2013) 6:717–28. doi: 10.3978/j.issn.2225-319X.2013.11.10

 6. Matte GS, del Nido PJ. History and use of del Nido cardioplegia solution at boston children's hospital. J Extra Corpor Technol. (2012) 44:98–103.

 7. Allen BS. Pediatric myocardial protection: where do we stand? J Thorac Cardiovasc Surg. (2004) 128:11–3. doi: 10.1016/j.jtcvs.2004.03.017

 8. Rouse B, Chaimani A, Li T. Network meta-analysis: an introduction for clinicians. Intern Emerg Med. (2017) 12:103–11. doi: 10.1007/s11739-016-1583-7

 9. Hutton B, Salanti G, Caldwell DM, Chaimani A, Schmid CH, Cameron C, et al. The PRISMA extension statement for reporting of systematic reviews incorporating network meta-analyses of health care interventions: checklist and explanations. Ann Intern Med. (2015) 162:777–84. doi: 10.7326/M14-2385

 10. Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of observational studies in epidemiology: a proposal for reporting. meta-analysis of observational studies in epidemiology (MOOSE) group. JAMA. (2000) 283:2008–12. doi: 10.1001/jama.283.15.2008

 11. Higgins JP, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, et al. Cochrane Handbook for Systematic Reviews of Interventions. John Wiley & Sons (2019). doi: 10.1002/9781119536604

 12. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample size, median, range and/or interquartile range. BMC Med Res Methodol. (2014) 14:135. doi: 10.1186/1471-2288-14-135

 13. Wells GA, Shea B, O'Connell D, Peterson J, Welch V, Losos M, et al. The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Nonrandomised Studies in Meta-Analyses. In Oxford (2000). 

 14. Salanti G, Del Giovane C, Chaimani A, Caldwell DM, Higgins JP. Evaluating the quality of evidence from a network meta-analysis. PLoS ONE. (2014) 9:e99682. doi: 10.1371/journal.pone.0099682

 15. Chaimani A, Higgins JP, Mavridis D, Spyridonos P, Salanti G. Graphical tools for network meta-analysis in STATA. PLoS ONE. (2013) 8:e76654. doi: 10.1371/journal.pone.0076654

 16. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. (2003) 327:557–60. doi: 10.1136/bmj.327.7414.557

 17. Dias S, Welton NJ, Caldwell DM, Ades AE. Checking consistency in mixed treatment comparison meta-analysis. Stat Med. (2010) 29:932–44. doi: 10.1002/sim.3767

 18. Valkenhoef GV, Kuiper J. Gemtc: Network Meta-Analysis Using Bayesian Methods. Evidence Synthesis for Decision Making in Healthcare. (2015). 

 19. Plummer M, Stukalov A. Rjags: Bayesian Graphical Models Using MCMC. R package version. (2016). p. 4. 

 20. Harrer M, Cuijpers P, Furukawa TA, Ebert DD. Doing Meta-Analysis With R: A Hands-on Guide. (2019). 

 21. Wickham H. Elegant Graphics for Data Analysis. Media. (2009). p. 35. 

 22. Béliveau A, Boyne DJ, Slater J, Brenner D, Arora P. BUGSnet: an R package to facilitate the conduct and reporting of Bayesian network meta-analyses. BMC Med Res Methodol. (2019) 19:1–13. doi: 10.1186/s12874-019-0829-2

 23. Rücker G, Schwarzer G, Krahn U, König J. Netmeta: Network Meta-Analysis Using Frequentist Methods. R package Version. (2019) 1.2-1. 

 24. Gerbode F, Melrose D. The use of potassium arrest in open cardiac surgery. Am J Surg. (1958) 96:221–7. doi: 10.1016/0002-9610(58)90906-1

 25. Barner HB. Blood cardioplegia: a review and comparison with crystalloid cardioplegia. Ann Thorac Surg. (1991) 52:1354–67. doi: 10.1016/0003-4975(91)90034-N

 26. Fang Y, Long C, Lou S, Guan Y, Fu Z. Blood versus crystalloid cardioplegia for pediatric cardiac surgery: a meta-analysis. Perfusion. (2015) 30:529–36. doi: 10.1177/0267659114556402

 27. Guru V, Omura J, Alghamdi AA, Weisel R, Fremes SE. Is blood cardioplegia superior to crystalloid cardioplegia? a meta-analysis of randomized clinical trials. Circulation. (2006) 114:I331–8. doi: 10.1161/CIRCULATIONAHA.105.001644

 28. Mylonas KS, Tzani A, Metaxas P, Schizas D, Boikou V, Economopoulos KP. Blood versus crystalloid cardioplegia in pediatric cardiac surgery: a systematic review and meta-analysis. Pediatr Cardiol. (2017) 38:1527–39. doi: 10.1007/s00246-017-1732-4

 29. Sa MP, Rueda FG, Ferraz PE, Chalegre ST, Vasconcelos FP, Lima RC. Is there any difference between blood and crystalloid cardioplegia for myocardial protection during cardiac surgery? a meta-analysis of 5576 patients from 36 randomized trials. Perfusion. (2012) 27:535–46. doi: 10.1177/0267659112453754

 30. Zeng J, He W, Qu Z, Tang Y, Zhou Q, Zhang B. Cold blood versus crystalloid cardioplegia for myocardial protection in adult cardiac surgery: a meta-analysis of randomized controlled studies. J Cardiothorac Vasc Anesth. (2014) 28:674–81. doi: 10.1053/j.jvca.2013.06.005

 31. Zhou K, Zhang X, Li D, Song G. Myocardial protection with different cardioplegia in adult cardiac surgery: a network meta-analysis. Heart Lung Circ. (2022) 31:420–9. doi: 10.1016/j.hlc.2021.09.004

 32. Gebhard MM, Preusse CJ, Schnabel PA, Bretschneider HJ. Different effects of cardioplegic solution HTK during single or intermittent administration. Thorac Cardiovasc Surg. (1984) 32:271–6. doi: 10.1055/s-2007-1023403

 33. Imura H, Caputo M, Parry A, Pawade A, Angelini GD, Suleiman MS. Age-dependent and hypoxia-related differences in myocardial protection during pediatric open heart surgery. Circulation. (2001) 103:1551–56. doi: 10.1161/01.CIR.103.11.1551

 34. Doenst T, Schlensak C, Beyersdorf F. Cardioplegia in pediatric cardiac surgery: do we believe in magic? Ann Thorac Surg. (2003) 75:1668–77. doi: 10.1016/S0003-4975(02)04829-4

 35. Turner II, Ruzmetov M, Niu J, Bibevski S, Scholl FG. Scavenging right atrial Bretschneider histidine-tryptophan-ketoglutarate cardioplegia: impact on hyponatremia and seizures in pediatric cardiac surgery patients. J Thorac Cardiovasc Surg. (2021) 162:228–37. doi: 10.1016/j.jtcvs.2020.08.098

 36. O'Brien JD, Howlett SE, Burton HJ, O'Blenes SB, Litz DS, Friesen CL. Pediatric cardioplegia strategy results in enhanced calcium metabolism and lower serum troponin T. Ann Thorac Surg. (2009) 87:1517–23. doi: 10.1016/j.athoracsur.2009.02.067

 37. Jansen JP, Naci H. Is network meta-analysis as valid as standard pairwise meta-analysis? it all depends on the distribution of effect modifiers. BMC Med. (2013) 11:159. doi: 10.1186/1741-7015-11-159

 38. Nashef SA, Roques F, Michel P, Gauducheau E, Lemeshow S, Salamon R. European system for cardiac operative risk evaluation (EuroSCORE). Eur J Cardiothorac Surg. (1999) 16:9–13. doi: 10.1016/S1010-7940(99)00134-7



OPS/images/fcvm-09-996744-t001.jpg
Patient Outcomes Comparison Studies Sample  Event 1 Event2  RR/MD (95% CI) P-value P?

group size
Adult Perioperative mortality DN vs. BC 30 10008 9074732 116/5,276 0.86 (0.65, 1.15) 094 0
DN vs. HTK 1 182 1194 /88 2.81(0.12, 68.07) - .
DN vs. St.Thomas 5 622 3311 6/311 0.57(0.17,1.93) 097 0
HTK vs. BC 6 5011 78/1,672 111/3,339 121 (090, 1.64) 036 0.09
HTK vs. St. Thomas 2 292 71169 4123 1.11 (0.34, 3.66)
Atrial fibrillation DN vs. BC 25 5,998 796/3,049 713/2,949 1.09 (1.00, 1.19) 0.15 023
DN vs. HTK 1 182 8/94 4788 187 (0.58, 6.00)
DN vs. St.Thomas 3 1,286 81/490 124/796 1.08 (0.83, 1.39) 082 0
HTK vs. BC 4 743 90/362 124/381 0.73 (0.59, 0.91) 0.97 o
HTK vs. St. Thomas 1 104 11/54 14/50 0.73(0.37, 1.45)
Renal failure DN vs. BC 17 4,694 102325 12972369 089071, 1.12) 096 0
DN vs. St.Thomas 1 200 2/100 3/100 0.67 (0.1, 3.90)
HTK vs. BC 5 4,504 70/1428  225/3,076 0.94(0.71,1.23) 02 034
Stroke DN vs. BC 24 6,332 59/3,116 52/3,216 1.18 (0.82, 1.70) 0.96 o
DN vs. St.Thomas 1 132 0/66 1766 033 (0.0.1,8.04)
HTK vs. BC 3 4134 3201243 58/2,891 121075, 1.94) 055 0
HTK vs. St. Thomas 1 104 0/54 0/50 - - -
1ABP DN vs. BC 1 3881 91/1,996 94/1,885 1.03 (077, 1.37) 043 0
DN vs. HTK 1 182 8/94 5/88 150 (0.51, 441)
DN vs. St.Thomas 2 300 4150 6/150 0.69(0.21,2.25) 062 0
HTK vs. BC 5 4,649 50/1,491 73/3,158 0.86 (0.60, 1.24) 09 o
HTK vs. St. Thomas 1 188 5/115 573 159(0.32,7.97)
Re-exploration DN vs. BC 13 3,581 311429 62/2,152 0.93(0.60, 1.42) 0.66 0
DN vs. St.Thomas 1 200 3/100 3100 100 (0.21, 4.84)
HTK vs. BC 3 2,596 91/1,298 91/1,298 1.00 (0.76, 1.31) 08 0
HTK vs. St. Thomas 2 292 22/169 14/123 1.07 (0.57, 2.01) 027 0.18
ICU stay DN vs. BC 2 4376 2,079 2,297 282(-042,606)  p<001 072
DN vs. HTK 2 22 115 107 —058(~236,1.19)  p<001 092
DN vs. St.Thomas 5 1,585 649 936 —2.40 (—5.69, 0.89) 0.07 0.53
HTK vs. BC 7 1,409 697 712 ~0.58 (=236, 1.19) 0.07 048
HTK vs. St. Thomas 1 104 54 50 1440 (—45.24,16.44)
Hospital stay DN vs. BC 2 4,686 2,386 2,300 0.16 (—0.06, 0.38) p <001 047
DN vs. HTK 1 182 94 88 0.60 (0.31, 0.89) 0.04 -
DN vs. St.Thomas 4 631 325 306 —004(-086,078)  p<001 084
HTK vs. BC 5 1249 617 632 ~036 (<077, 0.05) 0.04 061
Children  Perioperative mortality DN vs. BC 2 281 21137 6/144 0.34(0.07, 1.70) 043 0
DN vs. HTK 1 100 150 1/50 1.00 (0.06, 15.55)
DN vs. St.Thomas 2 620 141310 20/310 0.70(0.36, 1.36) 035 0
HTK vs. BC 3 313 77145 8/168 1.06 (0.42, 2.69) 028 022
HTK vs. St.Thomas 1 101 275 4126 0.17 (0.03,0.89)
ICU stay DN vs. BC 1 56 30 26 9.60 (—20.33,39.53) L) "
DN vs. HTK 1 100 50 50 —4.75 (=11.10, 1.60)
DN vs. St.Thomas 5 839 422 07 —271(-39.67,3425)  p<001 084
HTK vs. BC 2 263 120 143 25,88 (~18.38,70.13) 0.09 0.66
HTK vs. St.Thomas 1 101 75 26 24240
(~276.47,~208.33)
Hospital stay DN vs. BC 2 281 137 144 —0.52 (~4.30,3.26) 082 0
DN vs. HTK 1 100 50 50 -0.76 (~1.15,-0.37)
DN vs. St.Thomas 3 680 340 340 —053 (~2.92,1.85) 0.02 074
HTK vs. BC 2 263 120 143 ~027 (~2.70,2.15) 044 0
HTK vs. StThomas 1 101 75 26 -11.50 (~13.07,-9.93)
Statistically significant results are shown in bold. BC, blood cardioplegia; CI, confidence intervals DN, del Nido cardioplegia; HTK, histidine-tryptophan-ketoglutarate cardioplegia; IAB,

intra-aortic balloon pump; ICU, intensive care unit; MD, mean difference; RR, risk ratio.





OPS/images/fcvm-09-996744-g003.gif





OPS/images/fcvm-09-996744-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative effects of different types of cardioplegia in cardiac surgery: A network meta-analysis



		Introduction



		Methods



		Study selection and exclusion



		Search strategy



		Data extraction



		Quality assessment



		NMA of cardioplegia types



		Subgroup analysis



		Pairwise meta-analysis



		Network consistency







		Results



		Selected studies



		Risk of bias within studies



		Outcomes for adult patients



		Perioperative mortality



		Atrial fibrillation



		Other outcomes



		Subgroup analysis



		Network consistency









		Outcomes for pediatric patients



		Perioperative mortality



		ICU and hospital stay



		Subgroup analysis



		Network consistency













		Discussion



		Limitations







		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Comparative effects of different
types of cardioplegia in cardiac
surgery: A network
meta-analysis





OPS/images/fcvm-09-996744-g001.gif
Rocordsdeifedtuoagh databe echiog
e e £, Coeme )

e
ey

=y

S i e
e
(o
=

Recth it 17

oot oo

.
[hcamat
=






OPS/images/fcvm-09-996744-g002.gif









OPS/images/crossmark.jpg
@ Check for updates





OPS/images/logo.jpg
¥ frontiers | Frontiers in Cardiovascular Medicine





