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Abstract

p=0.005)).

Background: Surgical procedures in the heart requires protection of the heart from ischemia-reperfusion injury.
Cardioplegia is the primary myocardial protective method in use. Histidine—tryptophan—ketoglutarate (HTK) solution
is an intracellular cardioplegic solution that was initially used to preserve organs for transplantation.

Methods: A systematic electronic search was conducted in July 2021, in four databases; PubMed, Scopus, Web of
Science, and Cochrane Library for eligible randomized controlled trials. The results were screened and the eligible
trials were identified. Thereafter, the relevant data were extracted and pooled as mean difference or risk ratio, and 95%
confidence interval in an inverse variance method using RevMan software.

Results: This review included 12 trials (n=1327). HTK solution has resulted significantly in shorter intensive care
unit stay (MD=—0.09; 95% CI [—0.15, —0.03], p=0.006), and shorter hospital stay (MD=—0.51; 95% CI [-0.71,
—0.31], p<0.00001). Moreover, the patients who received the HTK solution had significantly lower levels of creatine
kinase (after 4-7 h (MD= —157.52;95% Cl [— 27231, —42.19], p=0.007), and 24 h (MD=—136.62; 95% CI [— 267.20,
—6.05], p=0.04)), as well as creatine kinase muscle brain band (after 44-48 h (MD = — 3.35; 95% CI [— 5.69, — 1.02],

Conclusion: HTK solution had the same efficacy and safety as other cardioplegic solutions in most of the clinical
parameters. Furthermore, the solution showed superiority in fastening the recovery and protecting the myocardium
at the biochemical level. HTK solution provides longer myocardial protection; therefore, it limits surgical interruption.
HTK solution can be used as an alternative to the currently used cardioplegic solutions.

Keywords: HTK solution, Custodiol solution, Cardioplegia, Cardiac surgery, Meta-analysis

Introduction

Myocardial damage is a major concern that accompa-
nies cardiac surgeries. This damage is often multifac-
torial, but among the main attributing factors is the
ischemia-reperfusion injury [1]. Myocardial damage
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can result in arrhythmias, myocardial infarction, or
low cardiac output syndrome. As a result, major car-
diac and renal morbidities, extended intensive care unit
(ICU), and hospital stays, and a higher risk of mortality
might occur [1, 2]. To avoid these consequences, sev-
eral myocardial protective methods were introduced,
with the aim of minimalizing ischemia-reperfusion
injury. Cardiac protection methods work by decreas-
ing the cardiac metabolic demand, which improves its

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-7486-1677
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13019-022-01891-x&domain=pdf

Albadrani Journal of Cardiothoracic Surgery (2022) 17:133

tolerance to ischemia. The main methods are chemical
arrest (cardioplegia), topical hypothermia, and limiting
myocardial edema.

Cardioplegia is the primary cardiac protection
method in use. It is applied through the injection of a
cardioplegic solution that causes heart diastolic arrest.
Cardioplegic solutions can be divided into two types
based on their molecular composition. Extracellular
solutions, which include high amounts of sodium, cal-
cium, potassium, magnesium, and bicarbonate, are the
first type. These arrest the heart by depolarizing the
myocardial membrane. In the second category, there
are the intracellular solutions, sodium and calcium lev-
els are low in this type. These induce a hyperpolarizing
arrest of the myocardium [3, 4].

Histidine—tryptophan—ketoglutarate (HTK) solu-
tion (Custodiol/Bretschneider) is an intracellular car-
dioplegic solution, introduced in the 1970s. The HTK
solution was initially used to preserve organs for trans-
plantation, thereafter, it was used in cardioplegia [5-7].
Added to its hyperpolarizing arrest that mimics the
normal cardiac resting, histidine, tryptophan, ketoglut-
arate, and mannitol are all present in this solution. Each
of these components adds an extra value in protect-
ing the myocardium. Histidine buffers the ischemia-
induced acidosis, therefore, improves the anaerobic
glycolysis. Tryptophan is an effective cell membrane
stabilizer. Ketoglutarate is a Krebs cycle intermediate,
which enhances energy production and recovery fol-
lowing reperfusion. Moreover, mannitol minimizes cel-
lular edema by maintaining the cellular environment
osmolality, in addition to being a free radical scavenger
[8,9].

A single dose of the HTK solution provides over two
hours of myocardial protection. This feature allows
time-saving and avoidance of surgical interruption for
re-administration of the solution (as in other cardiople-
gic solutions, which protects for only 20 to 30 min) [10].
However, the use of the HTK solution in cardioplegia is
still an off-label indication in many countries. Therefore,
this systematic review and meta-analysis aims to provide
updated evidence of the efficacy and safety of HTK solu-
tion in comparison with other alternative solutions in
cardiac surgeries.

Methods

This systematic review and meta-analysis was performed
in accordance with Cochrane Handbook for Systematic
Reviews of Interventions [11]. Thereafter, the report was
written following the preferred reporting items for sys-
tematic reviews and meta-analyses (PRISMA) statement
[12].
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Literature search

A systematic search was conducted in four electronic
databases: Medline via PubMed, Scopus, Web of Sci-
ence, and Cochrane Central Register of Controlled Tri-
als. The databases were searched from their inception
through November 2021, using the following terms:
(histidine—tryptophan—ketoglutarate solution; HTK
solution; HTK solution of Bretschneide; Bretschneider
solution; Custodiol solution) AND (Crystalloid Car-
dioplegia; Blood Cardioplegia) AND (Heart Surgical
Procedures; Procedure, Cardiac Surgical; Procedures,
Cardiac Surgical; Surgical Procedure, Cardiac; Surgi-
cal Procedures, Cardiac; Surgical Procedures, Cardiac;
Surgical Procedures, Cardiac; Surgical Procedures,
Cardiac; Surgical Procedures, Cardiac; Surgical Proce-
dures, Cardiac; Surgical Procedures, Cardiac; Surgical
Procedures, Cardi*).

Eligibility criteria and studies selection

This review included the randomized controlled tri-
als (RCTs) that compared HTK solution to another
cardioplegic solution in any cardiac surgery. Confer-
ence abstracts, thesis, and non-English studies were
excluded from this review.

The duplicates were deleted from the search results,
and a double-step screening was performed. Initially,
the titles and abstracts of the retrieved articles were
screened. Full-text screening was then performed for
final eligibility.

Quality assessment (risk of bias)

The included trials were assessed for potential risk
of bias using the Cochrane tool of Cochrane hand-
book for systematic reviews of interventions [13]. This
tool assesses the risk of bias in six domains: (1) Ran-
dom sequence generation (selection bias); (2) Allo-
cation concealment (selection bias); (3) Blinding of
participants (performance bias); (4) Blinding of asses-
sors (detection bias); (5) Incomplete data (attrition
bias); (6) selective reporting (reporting bias), in addi-
tion to any other potential source bias.

Data extraction

A summary of the trials key features, baseline data of
the enrolled patients, and the treatment outcomes of
efficacy and safety were extracted from the included tri-
als. The assessed outcome included: cardiopulmonary
bypass (CBP) time, aortic cross-clamping time, cardiac
arrest beginning time, number of grafts, postoperative
inotropic support, ejection fraction (EF) change, elec-
trocardiogram (ECG) changes, postsurgical atrial fibril-
lation, hospital and ICU stay, in addition to creatine
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kinase (CK), creatine kinase muscle brain band (CK-
MB), and troponin-I (Tn-I) levels.

Data synthesis and analysis

The statistical analysis of this review was conducted
using the RevMan software (version 5.2; Cochrane Col-
laboration, Oxford, UK). Continuous data were pooled as
mean difference (MD) and 95% confidence interval (CI),
whereas dichotomous data were pooled as risk ratio (RR).
Heterogeneity among the included trials was evaluated
by visually inspecting the forest plot. Additionally, the
I-squared (I?) and chi-squared statistics were used. An I
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value of>50% indicates statistical heterogeneity, in this
case, a random-effect model is used instead of the fixed-
effect model [14, 15].

Results

Literature search and characteristics of the included trials
Our systematic electronic databases search retrieved
841 articles. After removing the duplicates, 554 articles
were screened. By title and abstract screening, 511 arti-
cles were excluded. Another 31 articles were excluded by
full-text screening. Finally, 12 trials [6, 10, 16—-25] were
included in our qualitative and quantitative synthesis
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(Fig. 1). A total of 1,327 patients were enrolled, among
them, 666 patients had received the HTK solution.

The included trials compared HTK solution to other
cardioplegic solutions—which require multiple doses
(multiple doses cardioplegia (MDC))—in various cardiac
surgeries. A summary of the included trial key feature,
and baseline characteristics of the enrolled patients are
presented in Tables 1, and 2 respectively.

Quality assessment (risk of bias)

Generally, the included trials had a low risk of reporting
and attrition bias, and a low to moderate risk of selec-
tion bias. However, a potential source of performance
bias was the inability to blind the participants and per-
sonnel. In most of the studies, the lack of blinding the
outcomes assessors might have induced some detection
bias. Having no registered protocol available was a poten-
tial source of bias as well in most of the studies. The risk
of bias graph and summary are shown in Figs. 2, and 3
respectively.

Study outcomes

CPB time (min)

Seven trials were included in this analysis, with 420
patients enrolled (213 for HTK, and 207 for MDC). The
two interventions did not differ significantly in CPB time
(MD=-1.98; 95% CI [—4.31, 0.35], p=0.1), and the
result were homogenous (P =0.37, I>=8%) (Fig. 4).

Aortic cross-clamping time (min)

The analysis of this outcome included seven trials, with
671 patients enrolled (346 for HTK, and 325 for MDC).
The comparative meta-analysis revealed no significant
difference in Aortic cross-clamping time between the
two interventions (MD=1.51; 95% CI [—1.58, 4.60],
p=0.34). However, the results were heterogeneous
across the trials (P =0.002, I*=72%) (Fig. 5).

Cardiac arrest beginning time (s):

Two trials participated with analyzable data in this out-
come, with 146 patients enrolled (75 for HTK, and 71
for MDC). The analysis showed no significant difference
between the two interventions in cardiac arrest begin-
ning time (MD=4.87; 95% CI [—5.01, 14.76], p=0.33).
There was significant heterogeneity across the trials
(P=0.15, I*=53%) (Fig. 6).

Number of grafts

The analysis of this outcome was conducted upon four
trials, with 220 patients enrolled (112 for HTK, and 108
for MDC). The meta-analysis showed no significant dif-
ference in the number of grafts between the two inter-
ventions (MD=—0.04; 95% CI [—0.25, 0.17], p=0.7),
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and the results were homogenous (P=0.13, I*=47%)
(Fig. 7).

Postoperative inotropic support

The primary analysis of this outcome included seven tri-
als, with 830 patients enrolled (418 for HTK, and 412 for
MDC). The two interventions did not vary significantly
in the risk for postoperative inotropic support (RR=0.94;
95% CI [0.67, 1.31], p=0.71), but the results were het-
erogeneous (P=0.0004, I2=76%). A sensitivity analysis
was conducted by excluding Ali et al. 2021 [16], which
resolved the heterogeneity without affecting the signifi-
cance of the pooled estimate (RR=1.11; 95% CI [0.95,
1.28], p=0.18), (P =0.49, I>=0%) (Fig. 8).

EF change (%)

Two trials were included in the analysis of this out-
come, with 146 patients enrolled (75 for HTK, and 71 for
MDC). The analysis showed no significant difference in
EF change between the two interventions (MD=—0.11;
95% CI [—0.86, 0.64], p=0.77), and the results were
homogenous (P =0.58, I*=0%) (Fig. 9).

ECG change

Three trials contributed with analyzable data to this anal-
ysis, with 480 patients enrolled (240 in each group). In
terms of effectiveness, there was no significant difference
between the two methods in ECG changes (RR=0.81;
95% CI [0.61, 1.09], p=0.17), and the results were
homogenous (P =0.29, I*=20%) (Fig. 10).

Postsurgical atrial fibrillation

The analysis of this outcome was based upon five trials,
with 376 patients enrolled (188 in each group). The com-
parative meta-analysis revealed no significant difference
between the two interventions in the risk of postsurgical
atrial fibrillation (RR =0.82; 95% CI [0.61, 1.10], p=0.18),
and the results were homogenous (P=0.22, I>=230%)
(Fig. 11).

Hospital stay (days)

Two studies were involved in the analysis of hospital stay
days, with 424 patients enrolled (214 for HTK, and 210
for MDC). HTK solution administration has resulted sig-
nificantly in shorter hospital stay (MD=—0.51; 95% CI
[—0.71, —0.31], p<0.00001), and the results were highly
homogenous (P=0.8, I?=0%) (Fig. 12).

ICU stay (days)

This analysis was conducted upon five trials, with 466
patients enrolled (325 for HTK, and 319 for MDC). HTK
solution has significantly resulted in shorter ICU stay
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Random sequence generation (selection hias)

Allocation concealment (selection hias)

Blinding of participants and personnel (performance hias)
Blinding of outcome assessment (detection hias)
Incomplete outcome data (attrition hias)

Selective reporting (reporting hias)

Other bias

0% 25% 50% 75%

100%

[ Low risk of bias

[[]unclear risk of bias

Bl Hioh risk of bias

Fig. 2 Risk of bias graph: review authors’ judgments about each risk of bias item presented as percentages across all included studies
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Fig. 3 Risk of bias summary: review authors'judgements about each
risk of bias item for each included study

(MD = —0.09; 95% CI [—0.15, — 0.03], p=0.006), and the
results were homogenous (P =0.3, I*=18%) (Fig. 13).

CK level (1U/L)

The analysis of this outcome was based upon three tri-
als, with 173 patients enrolled (88 for HTK, and 85 for
MDC).

After 4-7 h: HTK solution has resulted significantly
in lower level of CK (MD =—157.52; 95% CI [—272.31,
—42.19], p=0.007), but the results were heterogeneous
(P=0.003, I> =82%).

After 24 h: Initially, the two interventions did not dif-
fer significantly in the release of CK (MD=-14.79; 95%
CI [—345.14, 315.56], p=0.93), but the results were het-
erogeneous (P=0.002, 12=83%). Thereafter, Beyersdorf
et al. 1990 [24] was excluded in a sensitivity analysis,
in which the results were homogenous in favor of HTK
solution (MD=-136.62; 95% CI [—267.20, —6.05],
p=0.04), (P =0.44, 12=0%).

After 48 h: The meta-analysis showed no meaningful
difference in CK release between the two interventions
(MD=15.01; 95% CI [—62.21, —92.23], p=0.7), and the
results were homogenous (P =0.27, I>=23%) (Fig. 14).

CK-MB level (ng/ml)
Three trials were included in this analysis, with 204
patients enrolled (100 for HTK, and 104 for MDC).

After 4-8 h: The primary analysis of this outcome
showed no significant difference in CK-MB level
between the two interventions (MD=-—6.82; 95% CI
[—14.69, 1.05], p=0.09), but the results were heteroge-
neous (P=0.04, ’=69%). Beyersdorf et al. 1990 [24]
was excluded in a sensitivity analysis, which resolved
the heterogeneity without changing the significance of
the pooled estimate (MD = —2.41; 95% CI [—9.08, 4.27],
p=0.48), (P=0.93, I>=0%).
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HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Arslan et al. 2005 719 214 21 734 161 21 41%  -1.50[12.95,9.95] —
Beyersdorfetal 1990 93 15 12 100 3 12 1.4% -7.00(-26.48,12.48]
Careaga et al. 2001 90 37 15 925 355 15 0.8% -2.50(-28.45, 23.45)
Cvetkovi¢ et al. 2020 822 237 54 745 185 50 8.2% 7.70[-0.44,15.84) )
Gaudino etal. 2013 92 703 95 3 29 745% -3.00[5.70,-0.30) . 3
Mercan et al. 2013 942 237 25 933 211 25 35% 0090[11.54,13.34) ——
Vivacqua et al. 2019 99 19 55 102 26 55 7.5% -3.00[11.51, 551 —_—1
Total (95% CI) 213 207 100.0%  -1.98[-4.31,0.35] R
Heterageneity: Chi*= 6.51, df= 6 (P = 0.37), F= 8% t } } }
Testfor overall effect Z=1.67 (P=0.10) 20 1 HTKUCardilgIegiazn
Fig. 4 Forest plot of the comparison: HTK versus MDC, outcome: CPB time (min)
HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Arslan etal. 2005 339 82 21 362 113 21 131%  -2.30[-8.27,367) —
Braathen etal. 2011 75 3 38 73 338 244% 2.00[0.65, 3.35) -
Careaga etal. 2001 622 267 15 666 296 15  21% -4.40[-24.57 15.77)
Cvetkovic etal. 2020 481 19 54 41 129 50 126%  8.10([1.90,14.30) —_—
Gallandat huet et al. 1988 60 232 132 52 191 117 147%  8.00(2.74,13.26) —
Gaudino etal. 2013 71 I 73 6 29 216% -2.00[-4.60, 0860) -]
Vivacqua et al. 2019 417 55 719 55 115%  -3.00[-9.74,374) —T
Total (95% Cl) 346 325 100.0% 1.51[-1.58, 4.60] ?
Heterogeneity; Tau?= 9.73; Chi*= 21.30, df= 6 (P = 0.002); F= 72% _250 _150 ) 150 210
Test for overall effect: Z= 0.96 (P = 0.34) Cardioplegia HTK
Fig. 5 Forest plot of the comparison: HTK versus MDC, outcome: Aortic cross-clamping time (min)
HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV,Random,95% Cl IV, Random, 95% CI
Arslan etal. 2005 633 147 21 536 156 21 522%  9.70(0.53,18.87) —_——
Cvetkovic et al, 2020 593 213 54 597 30 50 47.8% -040[-10.47 967
Total (95% Cl) 75 71 100.0% 4.87[-5.01,14.76]
Heterogeneity; Tau®= 26.86; Chi*= 2.11, df= 1 (P = 0.14); F= 53% -:20 _150 ) 1:0 210
Test foroverall effect: Z= 0.97 (P = 0.33) HTK Cardioplegia
Fig. 6 Forest plot of the comparison: HTK versus MDC, outcome: Cardiac arrest beginning time (s)
HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Arslan et al. 2005 3308 21 38 08 21 19.3% -050(-0.98,-0.02)
Beyersdorfet al. 1990 28 02 12 28 13 12 82% 000[-0.74,074)
Cvetkovi et al. 2020 29 09 54 27 08 50 424% 0.20[-013,053) —1
Mercan et al. 2013 307 25 3107 25 301% -010[-0.48,0.29) —
Total (95% Cl) 112 108 100.0% -0.04[-0.25,0.17] *
Heterogeneity; Chi*= 5,65, df= 3 (P=0.13); F= 47% 7 _05 5 3 0:5 1=
Test for overall effect: Z=0.39 (P = 0.70) ’ HTK Cardiopledia
Fig. 7 Forest plot of the comparison: HTK versus MDC, outcome: Number of grafts
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HTK MDC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Alietal 2021 64 160 104 160 Not estimable
Beyersdorfetal. 1990 1 12 5 12 06% 0.20[0.03, 1.47)
Braathen etal. 2011 10 38 738 3.0% 1.43 [0.61, 3.36) S—pe—
Cvetkovit et al. 2020 5 54 6 50 17% 0.77[0.25,2.37) — =
demmy et al. 2008 36 68 28 B8 16.8% 1.29(0.90, 1.85) Y [
Gaudino etal. 2013 15 3 14 29 8.0% 1.00[0.59, 1.69] -
Vivacqua et al. 2019 47 55 43 55 B99% 1.09[0.92,1.30] r
Total (95% Cl) 258 252 100.0% 1.11]0.95, 1.28]
Total events 114 103
Heterogeneity: Tau®= 0.00; Chi*= 4.42, df=5 (P =0.49); F=0% 0 65 052 é 210

Test for overall effect: Z=1.35 (P = 0.18)

Fig. 8 Forest plot of the comparison: HTK versus MDC, outcome: postoperative inotropic support

HTK Cardioplegia

HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Alietal 2021 -5.45 385 160 -524 366 160 83.0% -0.21[1.03 061) —

Cvetkovic etal. 2020 -08 43 54 116 54 50 17.0% 0.36([-1.46,219)

Total (95% CI) 214 210 100.0% -0.11][-0.86, 0.64] ’
Heterogeneity: Chi*=0.31, df=1 (P = 0.58), F= 0% 12 =1 3 1! %
Test for overall effect: Z=0.30(P=0.77) HTK Cardioplegia
Fig. 9 Forest plot of the comparison: HTK versus MDC, outcome: EF change (%)
HTK MDC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI|
Alietal. 2021 16 160 24 160 37.5% 0.67(0.37,1.21) —
Beyersdorf et al. 1990 2 12 5 12 7.8% 0.40(0.10,1.67)
demmy et al. 2008 34 68 35 68 54.7% 0.97 [0.70,1.35) j
Total (95% ClI) 240 240 100.0%  0.81[0.61, 1.09]
Total events 52 64
Heterogeneity: Chi*= 2.49, df= 2 (P = 0.29); F= 20% t t t t t t
Testfor overall effect; Z=1.39 (P = 0.17) Gl R Ca,.dfop,egia = W
Fig. 10 Forest plot of the comparison: HTK versus MDC, outcome: ECG change
HTK MDC Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Beyersdorfetal. 1990 1 12 2 12 3.0% 0.50[0.05, 4.81)
Braathen et al. 2011 8 38 12 38 17.9% 0.67[0.31,1.44) —_—T
Careaga etal. 2001 1 15 5 15  7.5% 0.20(0.03,1.51)
demmy et al. 2008 3 68 27 68 40.3% 1.15[0.78,1.70) -
Vivacqua et al. 2019 14 55 21 55 31.3% 0.67[0.38,1.17) —
Total (95% Cl) 188 188 100.0%  0.82[0.61, 1.10] @
Total events 55 67
T . - - T . I : t }
Heterogeneity: Chi*= 5,68, df= 4 (P=0.22); F= 30% 002 01 10 50

Testfor overall effect: Z=1.33 (P = 0.18)

Fig. 11 Forest plot of the comparison: HTK versus MDC, outcome: Postsurgical atrial fibrillation

HTK Cardioplegia
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HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Alietal. 2021 548 094 160 599 091 160 98.45% -0.51[0.71,-0.31)
Cvetkovi¢ et al. 2020 7739 54 8 45 50 15% -030[-1.921.32)
Total (95% CI) 214 210 100.0% -0.51[-0.71,-0.31] 5
Heterogeneity; Chi*= 0.06, df=1 (P = 0.80); I*= 0% 52 11 3 15 é
Test for overall effect: Z= 4.94 (P < 0.00001) HTK Cardioplegia

Fig. 12 Forest plot of the comparison: HTK versus MDC, outcome: Hospital stay (days)

HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Alietal 2021 205 022 160 214 035 160 96.7% -0.09[-0.15,-0.03]
Cvetkovié et al. 2020 28 18 64 34 43 50 02% -0.60[-1.88, 0.68)
Gaudino etal. 2013 726 0 6 14 29 04% 1.00[-005 2058
Mercan etal. 2013 178 073 25 193 082 25 21% -015[-058, 029 —
Vivacqua etal. 2019 33 22 85 33 22 55 06% 0.00[-082 082 I
Total (95% ClI) 325 319 100.0% -0.09[-0.15,-0.03] ¢
Heterogeneity: Chi*= 4.88, df= 4 (P = 0.30); F=18% 52 f1 3 1* é
Test for overall effect: Z=2.74 (P = 0.006) HTK Cardioplegia

Fig. 13 Forest plot of the comparison: HTK versus MDC, outcome: ICU stay (days)

HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 CK (IUL) After 4 to 7 hours
Kammetrer etal, 2012 947 7656 55 1649 2274 52 3.0% -702.00[-1352.34,-51.66)
Arslan etal. 2005 046 644 21 5009 1265 21 46.7% -196.30[257.01,-135.59) L
Beyersdorf et al. 1990 228 3635 12 M7 618 12 503%  -89.00[-129.57, -48.43) L
Subtotal (95% Cl) 88 85 100.0% -157.25[-272.31,-42.19] <
Heterogeneity: Tau*= 6418.98; Chi*=11.34, df= 2 (P = 0.003), F= 82%
Testfor overall effect: Z= 2.68 (P = 0.007)
2.1.2 CK (IUL) 24 hours
Kammereretal. 2012 1,051 812 55 17352 1400 52 89% -301.00(-737.86,135.86) _—
Arslan et al. 2005 /S5 2113 2 512 2402 21 9141%  -120.50-257.33,16.33) —.'
Beyersdorfet al, 1990 638 361 12 346 598 12 Not estimahle
Subtotal (95% Cl) 76 73 100.0%  -136.62[-267.20, -6.05] P
Heterogeneity: Tau®= 0.00; Chi*= 0.60, df=1 (P = 0.44); F= 0%
Testfor overall effect Z= 2.05 (P = 0.04)
2.1.3 CK (IUL) 48 hours
Arslan etal. 2005 3264 23313 21 383 2441 21 223% -66.60 [-200.97, 87.77) &
Beyersdorf etal. 1990 282 7347 12 261 471 12 71.9% 21.00(-28.23,70.23)
Kammerer etal. 2012 754 972 55 536 656 52  58%  218.00[-94.70,530.70) ‘I‘
Subtotal (95% Cl) 88 85 100.0% 15.01[-62.21,92.23]
Heterogeneity: Tau?=1527.27, Chi*= 2.61, df= 2 (P = 0.27), F= 23%
Test for overall effect: Z=0.38 (P = 0.70)

-1000 500 0 500 1000

Testfor subgroup differences: Chi*=7.68, df=2 (P=0.02), F=74.0%
Fig. 14 Forest plot of the comparison: HTK versus MDC, outcome: CK level (IU/L)

HTK Blood cardioplegia
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After 20-24 h: The two interventions did not differ
significantly in releasing CK-MB (MD=3.29; 95% CI
[—0.56, 7.14], p=0.09), and the results were homoge-
nous (P=0.81, I*=0%).

After 44-48 h: The analysis revealed no significant
difference between the two interventions in releasing
CK-MB (MD=—1.84; 95% CI [—5.08, 1.39], p=0.26),
but the results were heterogeneous (P =0.01, [2=78%). A
sensitivity analysis was conducted by excluding Braathen
et al. [10], in which the heterogeneity was resolved in
favor of HTK solution (MD=-3.35; 95% CI [—5.69,
—1.02], p=0.005), (P=0.16, I*=49%) (Fig. 15).

Tn-I level (ng/ml)

Three trials had participated with analyzable data for this
outcome, with 282 patients enrolled (139 for HTK, and
143 for MDC).

After 4-7 h The release of Tn-I did not differ consid-
erably between the two interventions (MD=0.25; 95%
CI [—1.92, 2.42], p=0.82), but the results were hetero-
geneous (P=0.03, I’=71%). A sensitivity analysis was
conducted by excluding Arslan et al. 2005 [22], in which
the heterogeneity was resolved and the significance of the
pooled estimate remained unchanged (MD = —0.73; 95%
CI[-1.69,0.23], p=0.14), (P =0.86, >*=0%).

Page 13 of 15

After 24 h: The comparative analysis showed no signif-
icant difference between the two interventions in releas-
ing Tn-I (MD=-—0.36; 95% CI [—1.48, 0.76], p=0.53),
and the results were homogenous (P =0.98, I> = 0%).

After 48 h: the two interventions did not vary signifi-
cantly in releasing Tn-I (MD=—0.03; 95% CI [—0.62,
0.56], p=0.92), and the results were homogenous
(P=0.98, I>=0%) (Fig. 16).

Discussion
This systematic review and meta-analysis provides an
update to the current evidence by summarizing the find-
ings of 12 RCTs that compared HTK solution to other
cardioplegic solutions in various cardia surgeries. Data
from 1,327 cardiac patients were summarized, among
them, 666 patients had received the HTK solution. HTK
solution has resulted significantly in shorter hospital
(p<0.00001) and ICU (p=0.006) stay. Moreover, in com-
parison with other cardioplegic solutions, the HTK solu-
tion has significantly decreased the release of CK (after
4-7 h (p=0.007), and 24 h (p=0.04)), as well as CK-MB
(after 44—48 h (p=0.005)). These findings indicate supe-
riority in myocardial protection at the biochemical level.
This article updates the previous meta-analysis Reyn-
olds et al. 2020 (26), with four added RCTs [16, 17, 23,

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

281%
71.9%

41.2%
17.8%
41.1%

56.3%

43.7%

Not estimahle

-1.91 [-14.51,10.69) @
-2.60 [10.47, 5.27) {
-2.41[-9.08, 4.27] BN

3.20[-2.80,9.20] —

5.99 -2.26,15.02)
2.25 -3.76, 8.26]

3.29[-0.56, 7.14] e

-4.40 [-6.45, -2.35]
Not estimable
-2.00 [-4.65, 0.65)
-3.35[-5.69, -1.02]

40 -5 0 & 10
HTK Blood cardioplegia

HTK MDC

Study or Subgroup Mean SD Total Mean SD Total Weight

2.2.1 CKMB (ng/ml) 4 to 8 hours

Beyersdorfetal. 1990 158 53 12 282 45 12

Braathen et al. 2011 521 267 38 5401 293 38

Cvetkovi¢ etal. 2020 244 157 50 27 246 54

Subtotal (95% CI) 88 92 100.0%

Heterogeneity: Tau®= 0.00; Chi*=0.01, df=1 (P =0.93), F= 0%

Test for overall effect: Z=0.71 (P = 0.48)

2.2.2 CK MB (ng/ml) 20-24 hours

Beyersdorfetal. 1990 226 99 12 194 38 12

Braathen et al. 2011 4048 219 38 346 186 38

Cvetkovic et al. 2020 184 125 50 1615 184 54

Subtotal (95% CI) 100 104 100.0%

Heterogeneity. Tau*= 0.00; Chi*=0.42, df=2 (P=0.81), *=0%

Test for overall effect. Z=1.67 (P=0.09)

2.2.3 CK MB (ng/ml) 4448 hours

Beyersdorfetal. 1990 53 32 12 97 17 12

Braathen etal. 2011 93 73 38 78 74 38

Cvetkovit et al. 2020 39 524 50 59 83 54

Subtotal (95% CI) 62 66 100.0%

Heterogeneity: Tau*=1.42; Chi*=1.97, df=1 (P =0.16), *= 49%

Testfor overall effect: Z=2.82 (P = 0.005)

Testfor subgroup differences; Chi*=8.41, df=2 (P=0.01), F=76.2%
Fig. 15 Forest plot of the comparison: HTK versus MDC, outcome: CK-MB level (ng/ml)
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HTK MDC Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.3.1 Tn-l (ng/ml) 4 to 7 hours
Arslan et al. 2005 775 37 21 525 36 21 Not estimable
Cvetkovit et al. 2020 39 186 50 46 34 54 904%  -0.70[-1.71,0.31) —l—"
demmy et al. 2008 11.3 101 68 123 818 68 9.6% -1.00([-4.09, 2.09)
Subtotal (95% CI) 118 122 100.0% -0.73[-1.69, 0.23] i
Heterogeneity: Tau*=0.00; Chi*=0.03, df=1 (P = 0.86); *= 0%
Test for overall effect Z=1.49(P=0.14)
2.3.2 Tn-l (ng/ml) 24 hours
Arslan et al. 2005 3585 34 21 405 41 21 241%  -0.50[-2.78,1.78) i
Cvetkovit etal. 2020 275 28 50 31 47 54 576% -035[1.82,112) —u—
demmy et al. 2008 7.41 7 68 76 85 68 18.3% -0.19[2.81,243)
Subtotal (95% CI) 139 143 100.0% -0.36 [-1.48, 0.76] G
Heterogeneity, Tau®= 0.00; Chi*=0.03, df=2 (P = 0.98); F= 0%
Test for overall effect: Z= 0.63 (P = 0.53)
2.3.3 Tn-l (ng/ml) 48 hours
Arslan et al. 2005 2256 289 21 235 24 21 134%  -010[1.71,1.51) ——
Cvetkovit et al. 2020 1.45 1.49 50 1.5 213 54 702%  -0.05[-0.75, 0.65)
demmy et al. 2008 36 4 68 35 46 68 16.5% 0.10[-1.35,1.55)
Subtotal (95% Cl) 139 143 100.0% -0.03[-0.62, 0.56]
Heterogeneity: Tau®= 0.00; Chi*= 0.04, df= 2 (P = 0.98), F= 0%
Test for overall effect: Z=0.11 (P = 0.92)

4 2 0 2 4

Test for subgroup differences: Chi*=1.52, df=2 (P=0.47), F=0% HTK Blood cardioplegia
Fig. 16 Forest plot of the comparison: HTK versus MDC, outcome: Tn- level (ng/ml)

25]. Our findings were consistent with the previous ones
to a large extent. However, our update revealed the signif-
icant role of the HTK solution in reducing the release of
CK-MB; an outcome that was insignificant in the previ-
ous meta-analysis. Furthermore, this updated review has
investigated more outcomes than those reported previ-
ously. Among these outcomes were the hospital and ICU
stay duration, which favored the HTK solution. Other
newly investigated outcomes were cardiac arrest begin-
ning time, number of grafts, EF change, and ECG change.

HTK solution was found to be as effective as other in-
use-cardioplegic solutions. Moreover, it provides longer
protection for the myocardium. This long protection
makes it easier to administer, with minimal interruption
of the surgical site. Furthermore, the analysis showed a
superiority of the solution in shortening the recovery
period, given the shorter ICU stay duration. Hospital stay
days were reduced as well, which prevents the acquisition
of nosocomial infection, and deterioration of physical
and psychological health. Added to that, HTK solution
protects the heart more, given the lower level of cardiac
enzymes detected in the serum.

Among the included studies, Huet et al. [6] and
Cvetkovi¢ et al. [17] have compared HTK with St
Thomas cardioplegia and concluded that no difference

between both solutions in terms of safety, efficacy, and
hemodynamics.

This review was strengthened by including only experi-
mental controlled trials with adequate randomization.
The selected studies design provides the highest power of
evidence. However, this review was limited by the varia-
tion between the included trials data in some outcomes.
This heterogeneity could not be resolved on some occa-
sions. The inability to blind the study participants and
personnel, as well as the outcome assessors in the major-
ity of the trials was a probable source of bias. Most of
the trials had no registered protocol. Due to the differ-
ence between cardioplegic solutions compared to HTK, a
subgroup analysis could not performed according to the
comparator. Therefore, further studies are recommended
to compare HTK to the most frequently used solutions,
such as St Thomas and BuckBerg, in order to determine
the best option for each case and surgery.

The study concluded that, HTK solution had the same
efficacy and safety as the in-use-cardioplegic solutions
in most of the measured parameters. Furthermore, HTK
solution showed superiority in reducing ICU and hospi-
tal stay, as well as CK and CK-MB release. Given its high
efficacy and simple administration, the HTK solution
constitutes an important alternative for MDC.



Albadrani Journal of Cardiothoracic Surgery (2022) 17:133

Acknowledgements
None.

Author contributions

MA did conception and design of the work, acquisition, analysis, and interpre-
tation of the data manuscript drafting and final editing of the version to be
published. The author read and approved the final manuscript.

Funding
None.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Ethical approval was not in need because this type of reserch is a
meta-analysis.

Consent for publication
Not applicable.

Competing interests
The author declare that they have no competing interests.

Received: 2 December 2021 Accepted: 19 May 2022
Published online: 31 May 2022

References

1. Malbouisson LM, Santos LM, Auler JO Jr, Carmona MJ. Myocardial protec-
tion in cardiac surgery. Rev Bras Anestesiol. 2005;55(5):558-74.

2. Gunnes S, Jynge P.Fundamentals of the past: cardioplegia: the first period
revisited. 2011. p. 15-40.

3. Bretschneider HJ. Myocardial protection. Thorac Cardiovasc Surg.
1980;28(5):295-302.

4. Chambers DJ. Mechanisms and alternative methods of achieving cardiac
arrest. Ann Thorac Surg. 2003;75(2):S661-6.

5. Gebhard MM, Preusse CJ, Schnabel PA, Bretschneider HJ. Different effects
of cardioplegic solution HTK during single or intermittent administration.
Thorac Cardiovasc Surg. 1984;32(5):271-6.

6. Gallandat Huet RC, Karliczek GF, van der Heide JN, Brenken U, Mooi B, van
der Broeke JJ, et al. Clinical effect of Bretschneider-HTK and St. Thomas
cardioplegia on hemodynamic performance after bypass measured
using an automatic datalogging database system. Thorac Cardiovasc
Surg. 1988,36(3):151-6.

7. LiuJ,Feng Z, Zhao J, Li B, Long C. The myocardial protection of HTK
cardioplegic solution on the long-term ischemic period in pediatric heart
surgery. ASAIO J (American Society for Artificial Internal Organs: 1992).
2008;54(5):470-3.

8. Hendry PJ, Labow RS, Keon WJ. A comparison of intracellular solutions for
donor heart preservation. J Thorac Cardiovasc Surg. 1993;105(4):667-73.

9. KuK, Oku H, Alam MS, Saitoh Y, Nosaka S, Nakayama K. Prolonged
hypothermic cardiac storage with histidine-tryptophan—ketoglutarate
solution: comparison with glucose-insulin-potassium and University of
Wisconsin solutions. Transplantation. 1997,64(7):971-5.

10. Braathen B, Jeppsson A, Scherstén H, Hagen OM, Vengen @, Rexius H,
et al. One single dose of histidine-tryptophan—ketoglutarate solution
gives equally good myocardial protection in elective mitral valve surgery
as repetitive cold blood cardioplegia: a prospective randomized study. J
Thorac Cardiovasc Surg. 2011;141(4):995-1001.

11. Trakatelli M, Barkitzi K, Apap C, Majewski S, De Vries E, group E, et al. Skin
cancer risk in outdoor workers: a European multicenter case—control
study. J Eur Acad Dermatol Venereol. 2016;30:5-11.

12. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med.
2009;6(7): €1000097.

Page 15 of 15

13. Assessing risk of bias in a randomized trial. Cochrane handbook for
systematic reviews of interventions. 2019. p. 205-28.

14. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis.
Stat Med. 2002;21(11):1539-58.

15. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency
in meta-analyses. BMJ (Clin Res Ed). 2003;327(7414):557-60.

16. Alil, Hassan A, Shokri H, Khorshed R. Efficacy of histidine-tryptophan-
ketoglutarate solution versus blood cardioplegia in cardiac surgical
procedures: a randomized controlled | parallel group study. Heart Surg
Forum. 2021;24(1):E170-6.

17. Cvetkovic D, Kocica M, Soskic L, Vucicevic F, Petrovic O, Jovanovic |, et al.
Comparison of Custodiol® and modified St. Thomas cardioplegia for
myocardial protection in coronary artery bypass grafting. Vojnosanit
Pregl. 2018;77:192.

18. Vivacqua A, Robinson J, Abbas AE, Altshuler JM, Shannon FL, Podolsky RH,
et al. Single-dose cardioplegia protects myocardium as well as traditional
repetitive dosing: A noninferiority randomized study. J Thorac Cardiovasc
Surg. 2020;159(5):1857-63.e1.

19. Gaudino M, Pragliola C, Anselmi A, Pieroni M, De Paulis S, Leone A,
et al. Randomized trial of HTK versus warm blood cardioplegia for
right ventricular protection in mitral surgery. Scand Cardiovasc J SCJ.
2013/47(6):359-67.

20. Kammerer |, Nagib R, Hipp G, Premer M, Hansen M, Franke U. Myocardial
protection in minimally invasive mitral valve surgery: comparison of the
cold-blood cardioplegia of the Bretschneider so-lution and the warm-
blood cardioplegia of the Calafiore protocol. Arch Clin Exp Surg (ACES).
2012;1:1.

21. Demmy TL, Molina JE, Ward HB, Gorton ME, Kouchoukos NT, Schmaltz RA,
et al. Custodiol versus Plegisol: a phase 3 multicentre myocardial protec-
tion study. Int J Angiol. 2008;17(3):149-53.

22. Arslan A, Sezgin A, Gultekin B, Ozkan S, Akay T, Uguz E, et al. Low-dose
histidine-tryptophan-ketoglutarate solution for myocardial protection.
Transpl Proc. 2005;37(7):3219-22.

23. Careaga G, Salazar D, Téllez S, Sdnchez O, Borrayo G, Argiiero R. Clinical
impact of histidine-ketoglutarate-tryptophan (HTK) cardioplegic solu-
tion on the perioperative period in open heart surgery patients. Arch
Med Res. 2001,32(4):296-9.

24. Beyersdorf F, Krause E, Sarai K, Sieber B, Deutschlander N, Zimmer G, et al.
Clinical evaluation of hypothermic ventricular fibrillation, multi-dose
blood cardioplegia, and single-dose Bretschneider cardioplegia in coro-
nary surgery. Thorac Cardiovasc Surg. 1990;38(1):20-9.

25. Mercan |, DereliY, Topcu C, Tanyeli O, Isik M, Gormus N, et al. Comparison
between the effects of Bretschneider’s HTK solution and cold blood
cardioplegia on systemic endothelial functions in patients who undergo
coronary artery bypass surgery: a prospective randomized and controlled
trial. Braz J Cardiovasc Surg. 2020;35(5):634-43.

26. Reynolds A, Asopa S, Modi A, King N. HTK versus multidose cardioplegias
for myocardial protection in adult cardiac surgery: a meta-analysis. J Card
Surg. 2021;36:1-10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Histidine–tryptophan–ketoglutarate solution versus multidose cardioplegia for myocardial protection in cardiac surgeries: a systematic review and meta-analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Literature search
	Eligibility criteria and studies selection
	Quality assessment (risk of bias)
	Data extraction
	Data synthesis and analysis

	Results
	Literature search and characteristics of the included trials
	Quality assessment (risk of bias)
	Study outcomes
	CPB time (min)
	Aortic cross-clamping time (min)
	Cardiac arrest beginning time (s):
	Number of grafts
	Postoperative inotropic support
	EF change (%)
	ECG change
	Postsurgical atrial fibrillation
	Hospital stay (days)
	ICU stay (days)
	CK level (IUL)
	CK-MB level (ngml)
	Tn-I level (ngml)


	Discussion
	Acknowledgements
	References


