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Abstract

Background: Despite the increasing popularity of single-dose cardioplegia techniques in coronary artery bypass

grafting, the time window for successful reperfusion remains unclear. This study aimed to compare different cardioplegic

techniques based on early and 30-day clinical outcomes via thorough monitoring.

Methods: This prospective cohort study included high-risk patients undergoing coronary artery bypass grafting and

receiving 3 different types of cardioplegia between January 2017 and June 2019. Group 1 (n¼ 101) had a single dose of

del Nido cardioplegia, group 2 (n¼ 92) had a single dose of histidine-tryptophane-ketoglutarate, and group 3 (n¼ 119)

had cold blood cardioplegia. Patients were examined perioperatively by memory loop recording and auto-triggered

memory loop recording for 30 days, with documentation of predefined events.

Results: Interleukin-6 and cardiac troponin levels in group 1 were significantly higher than those in groups 2 and 3. The

incidence of predefined events as markers of inadequate myocardial protection was significantly higher group 1, with

more frequent atrial fibrillation attacks and more hospital readmissions. The readmission rate was 17.6% in group 1, 9%

in group 2, and 8% in group 3.

Conclusions:Our data demonstrate the long-term efficacy of cardioplegic techniques, which may become more crucial

in high-risk patients who genuinely have a chance to benefit from adjunct myocardial protection. Patients given del

Nido cardioplegia had a significantly more prominent inflammatory response and higher troponin levels after cardio-

pulmonary bypass. This group had issues in the longer term with significantly more cardiac events and a higher

rehospitalization rate.
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Introduction

Myocardial preservation includes the methods used

during the operation to prevent ischemia-reperfusion

injury. These techniques help lower metabolic activity

andminimize stunning and perioperative cell destruc-

tion.1 There is still no evidence-based data, especially

real-time indicators, for the evaluation of protection.

Many publications have documented clinical outcomes

based on indirect parameters such as electrocardiogram

changes, atrial fibrillation, echocardiography, low car-

diac output, inotropic support, intraaortic balloon

pump insertion, and the duration of intensive care

unit stay. These parameters may be affected by other

factors including surgery and anesthesia, and it is dif-

ficult to understand the role played by each factor.2,3

In particular, outcomes related to long-term follow-up
have not been studied in detail. The effects of myocar-
dial preservation methods on the inflammatory process
have been well documented.4 The inflammatory
response correlates with the degree of endothelial
injury, and this may give an estimation of protection.
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Cold blood potassium-based cardioplegia (BC) in a
4:1 (blood: crystalloid) solution has been proven to be
better than crystalloid-based formulations. The benefi-
cial effects of BC include the oncotic features of blood,
buffering power, creation of an oxygen-rich medium,
intermittent reoxygenation, and washout of metabo-
lites, with no need for substrate (glucose and insulin).5

The dilemma over the best re-dosing timing has not
been solved, but while multiple-dose cardioplegia has
been the gold standard for decades, single-shot cardio-
plegia is becoming more popular as a valuable alterna-
tive. Histidine-tryptophane-ketoglutarate (HTK;
Custodiol, Bensheim, Germany) is an intracellular
crystalloid solution with low concentrations of
sodium and calcium ions. Sodium becomes depleted
in the extracellular space, resulting in hyperpolariza-
tion of the myocytes, which induces cardiac arrest in
diastole. Histidine is an important buffer for anaerobic
acidosis, ketoglutarate implements adenosine triphos-
phate production during reperfusion, and tryptophan
is a stabilizer of the cell membrane. Mannitol reduces
edema and also acts as a free-radical scavenger.6,7 del
Nido cardioplegia (DNC) has been used for more than
20 years in pediatric practice in a single-dose fashion.
Lately, it has been introduced into adult surgery, trig-
gering a growing interest. Current literature in adult
and pediatric patients confirms that it is safe and a
good alternative to conventional techniques.8,9

Single-dose perfusion techniques have become more
popular in adult cardiac surgery recently, including
coronary artery bypass grafting (CABG). With encour-
aging experimental data and verified safe use in the
pediatric population, these solutions provide extended
myocardial arrest and reduce damage through better
protection of the intracellular contents.10,11 Many pub-
lished studies have investigated the use of single-dose
techniques only under the most preferable conditions in
patients with limited comorbidities undergoing elective
surgery.12,13 Comparative publications based on pro-
pensity matching in conventional cardioplegia versus
a single-dose strategy in CABG, valve surgery, and
reoperations have presented similar postoperative
results. These reports showed that the use of single-
dose cardioplegia resulted in fewer infusions, shorter
aortic crossclamp times, and better glucose patterns.
No differences have been demonstrated in ischemia
markers or the incidence of low cardiac output or
major complications.14,15

We consider that mortality in the general population
or in the low-risk population is not a suitable endpoint
because there is little room for improvement. It would
be a proper endpoint in studies with high-risk patients
because mortality is higher. Also, the impact of myo-
cardial preservation on inflammation has been well
investigated. Based on data supporting that the

inflammatory response correlates with the degree of
endothelial injury, interleukin-6 levels were also mea-
sured in this study to project endothelial function. The
target is not just to get to the shore, but also to use the
best, simplest, fastest, and most the cost-effective tech-
nique to reach the optimal results. Therefore, we
designed a study to compare the most popular single-
dose techniques with BC in high-risk patients undergo-
ing CABG, including through one-month follow-up.

Patients and methods

The Institutional Ethics Committee approved this
study (Ministry of Health, Numune Training &
Research Hospital Ethics Committee for Clinical
Studies. Issue no: 18-2307). Patients’ informed consent
forms were collected in all cases. From January 2017
until June 2019, 312 high-risk patients (Society of
Thoracic Surgeons risk score >8%) who underwent
CABG in our institution were prospectively random-
ized into 3 groups based on the type of cardioplegia
used, and their data were collected. The composition of
each cardioplegic solution is shown in Table 1.

All patients received the calculated dose under con-
trolled pressure within the predefined duration. The
DNC group was 101 patients given single-dose DNC
(2/3 antegradeþ 1/3 retrograde) at 4–8�C, 20 mL�kg�1

in 5min, at 80–100mm Hg pressure (<30mm Hg
retrograde). The HTK group was 92 patients given
single-dose HTK cardioplegia (2/3 antegradeþ 1/3 ret-
rograde) at 4–8�C, 20 mL�kg�1 in 7min, at 80–100mm
Hg pressure (<30mm Hg retrograde). The BC group
was the control group of 119 patients given cold BC 4:1
(2/3 antegradeþ 1/3 retrograde) at 4–8�C every 25min,
with an initial dose of 15 mL�kg�1 in 5min, at 80–
100mm Hg pressure, followed by half doses (<30mm
Hg retrograde). We always utilize antegradeþ
retrograde perfusion for single-dose cardioplegia, espe-
cially because the target protection time is around
90min. Considering the coronary artery lesions, includ-
ing the right coronary artery, antegradeþ retrograde
perfusion theoretically provides complete distribution
over the heart, and is the safest option.

The randomization started before enrollment on the
night before surgery, via sealed consecutively num-
bered envelopes, by a blinded member of the study
team. Inclusion criteria were adult patients aged 50 to
79 years, those providing informed consent, and
patients scheduled for CABG requiring cardiopulmo-
nary bypass (CPB) and myocardial arrest with aortic
crossclamp time expected to be <90min. Exclusion cri-
teria were severe hemodynamic instability requiring
high doses of inotropic drugs, patients with an
implanted pacemaker or cardioverter-defibrillator,
severe heart failure (New York Heart Association
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class IV), ejection fraction< 30%, severe renal failure

on dialysis or severe hepatic disease, anemia or a bleed-

ing disorder (preoperative hematocrit< 20%), previous

cardiac surgery, emergency surgery, severe pulmonary

hypertension, and history of stroke or significant neu-

rological dysfunction. Patients unable to be placed on

retrograde cardioplegia and those needing re-dosing in

the single-dose cardioplegia groups (aortic crossclamp

time >90min) were excluded. Data of patients in the

BC group with aortic crossclamp times >100min were

also excluded. Preoperative data of the 3 groups are

shown in Table 2.
The sample size was determined based on a similar

study on single-dose cardioplegia.16 Using the proto-

col, 65 patients were needed in each group to show a

statistically significant difference with 5% error and

80% power. Giving an allowance for attrition and

incomplete data of patients during follow-up, a

sample size of 90 was targeted in each group. The pri-

mary outcomes included troponin I/inflammatory

response as well as hospital and one-month follow-up

complications. The secondary outcomes were the fre-

quency of significant cardiac events recorded within

one month postoperatively.
Anesthesia was induced with fentanyl 35 mg�kg�1

(Talinat, Vem Pharma, Turkey), and muscle relaxation

with pancuronium 0.1mg�kg�1 (Pavulon, MSD,

Turkey). All patients received 3mg�kg�1 heparin

(Roche, Turkey). Activated clotting time was measured

using a Hemochron 801 (International Technidyne

Corporation, Edison, NJ, USA) and maintained at

greater than 480 seconds. Moderate hypothermia was

induced at 32�C. After crossclamping the aorta, the

heart was arrested using cardioplegia. Surface cooling

Table 2. Preoperative characteristics of patients undergoing coronary artery bypass grafting with different types of cardioplegia.

Variable DNC group HTK group BC group

No. of patients 94 88 107

Age (years) 71� 8 68� 10 73� 10

Male 61 56 72

Body mass index (kg�m�2) 1.8� 0.5 1.76� 0.6 1.83� 0.6

STS score 10.1%� 2% 9.4%� 1.3% 10.1%� 2%

LVEF 43.6%� 10% 42.9%� 10% 48.1%� 10%

History of AF 10 8 12

Associated disorders* 83/72/54 70/64/48 92/80/57

Serum creatinine (mg�dL�1) 1.1� 0.2 0.9� 0.3 1.0� 0.3

*Hypertension/diabetes mellitus/chronic obstructive pulmonary disease. AF: atrial fibrillation; BC: blood cardioplegia; DNC: del Nido cardioplegia;

HTK: histidine-tryptophane-ketoglutarate; LVEF: left ventricular ejection fraction; STS: Society of Thoracic Surgeons.

Table 1. Composition of the cardioplegic solutions used.

Cardioplegia solution Contents

del Nido Base solution (mmol�L�1): Naþ 140, Kþ 5, Mgþþ 3

Kþ 7.5% 26 mL

Mannitol 20% 16.3 mL

Mgþþ 50% 4 mL

HCO3 8.4%: 13 mL

Lidocaine 1% 13 mL

Histidine-tryptophane-ketoglutarate Naþ15 mmol�L�1

Kþ 9 mmol�L�1

Mgþþ 4 mmol�L�1

Caþþ 0.015 mmol�L�1

Histidine 198 mmol�L�1

Tryptophan 2 mmol�L�1

Mannitol 30 mmol�L�1

Blood Base: St. Thomas’ Hospital solution

Kþ 40 mmol�L�1

NaHCO3 10 mmol�L�1

Mannitol 10 mmol�L�1

Mixed with blood (4:1)
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was employed. A complete anatomical revasculariza-
tion strategy was preferred in each patient. The left
internal mammary artery was used as a graft for left
anterior descending artery bypass, and autologous
saphenous vein grafts were routinely harvested for
the other anastomoses. Proximal anastomoses were
made under aortic crossclamping. Rewarming was ini-
tiated during the last proximal saphenous vein grafting.
When 36.5�C and stable hemodynamics were reached,
CPB was discontinued, and heparin was reversed with
3.1mg�kg�1 of protamine sulphate (Roche, Turkey)
after decannulation.

CPB was instituted via arterial and venous cannulas
(DLP, Minneapolis, MN) attached to coated tubing
and a hollow-fiber oxygenator with an integrated arte-
rial filter (Inspire 6 Phisio-coated, Livanova, Italy).
Venous blood was drained by gravity into a hard-
shell venous reservoir (Inspire, Livanova, Italy). The
circuit was primed with 1200 mL (with a 200 mL
safety margin in the reservoir) of Plasma-Lyte A.
Retrograde autologous priming was performed in all
groups. Mean arterial pressure was maintained
between 50 and 70mm Hg, and CPB flow was kept
at 2.2–2.5 L�min�1�m�2. Red blood cell transfusion
was used when the hematocrit was less than 21%
during the perioperative period. In older patients
(>70-years old), a hematocrit< 24% was accepted as
the lowest limit. Platelet transfusion and fresh frozen
plasma were used in a limited manner in all groups. All
operations were performed by two surgeons (SG, KO).

Left atrial venting was applied in every case and
started immediately after the initiation of CPB. To
overcome hemodilution due to the acute volume infu-
sion of approximately 2000 mL in a fewminutes, vent-
ing started simultaneously with cardioplegia delivery.
A retrograde cannula was placed, delivering 1/3 of the
initial dose. The BC dose was repeated every 25min via
a retrograde cannula. The conventional DNC formula
was used. For both single-dose techniques, a 90min
ischemic time was targeted. Patients needing re-
dosing were excluded. Ultrafiltration was employed at
the end of CPB in every group until a hematocrit of
25% was reached.

Complete blood count, prothrombin time, activated
partial thromboplastin time, and fibrinogen level were
recorded. Results of standard blood and urine chemis-
try were documented. Serum interleukin-6 and cardiac
troponin levels were measured by enzyme-linked
immunosorbent assay (Bender Medsystems, Vienna,
Austria; coefficient of variation 10%, and sensitivity
1.4 pg�mL�1). Blood samples were collected in
potassium-ethylene diamine tetraacetic acid tubes at
the following time intervals: baseline: after induction
of anesthesia before CPB via retrograde cannula (T1);
after cessation of CPB via the retrograde cannula (T2);

and in the intensive care unit on the first postoperative
day at 8 am (T3) via a radial artery.

The following factors were evaluated before dis-
charge and at 1 week and 4 weeks postoperatively:
hemodynamic variables, operative data, postoperative
bleeding, use of blood/blood products, incidents of
arrhythmia, use of inotropic support, complications
and infection, duration of intensive care unit stay and
hospital stay, perioperative mortality, New York Heart
Association functional class, and Doppler
echocardiography.

Patients were monitored (LifeStar ACT III,
Malvern, PA, USA) via memory loop recording
(MLR), and auto-triggered MLR (AT-MLR) on dis-
charge up to the postoperative first month. LifeStar
ACT III is a 3-channel ambulatory cardiac telemetry
device that can function continuously for one month.
The device automatically detects atrial fibrillation,
tachycardia, bradycardia, and pauses. The clinician
can get a daily summary and end of session reports
on heart rate and blood pressure monitorization anal-
ysis, atrial fibrillation analysis (atrial fibrillation
burden), arrhythmia classification and analysis, and
extended electrocardiogram analysis surrounding any
episode, upon request. Patients can manually transmit
events by landline telephone and an emergency button
on the device, to clinicians for analysis 24/7.

Postoperative symptoms demonstrating inappropri-
ate myocardial protection were predefined by the study
group: detailed analysis of QT intervals, ST segments,
and heart rate variability; transient heart block, pauses,
or ectopic rhythm; bradycardia (<50 beats�min�1);
tachycardia (>120 beats�min�1); atrial fibrillation/flut-
ter; severe angina; and readmission. The symptomatic
and asymptomatic events that were documented,
including those that met the predefined immediate phy-
sician notification criteria, and the times to first notifi-
cation were compared.

Data are expressed as the mean� standard error of
the mean. Two-way analysis of variance was used to
analyze differences over time in each group (repeated
measures analysis of variance) and differences between
groups. A p value< 0.05 was considered significant.
Data were analyzed using IBM SPSS version 22.0 for
Windows (SPSS, Inc., Chicago, IL, USA).

Results

A retrograde cannula could not be placed in 9 patients
(2 each in the DNC and HTK groups and 5 in the BC
group), 12 patients needed re-dosing (9 in the DNC
group and 3 in the HTK group), and 7 patients in
the BC group had a crossclamp time >100min; all
were excluded from the analysis. In the one-month
follow-up, complete data could be obtained in 51
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patients in the DNC group, 44 in the HTK group, and
62 in the BC group, with an overall rate of 54.3%. No
intervention for serum sodium levels nor any particular
glucose strategy was necessary. Preoperative patient
characteristics, routine blood chemistry, and complete
blood counts at T1, T2, and T3 were not significantly
different among the 3 groups. Serum cardiac troponin I
levels did not show a significant difference among the 3
groups at baseline (T1) and T3. T1: 0.71� 0.1 in the
DNC group, 0.66� 0.1 in the HTK group, and 0.46�
0.08 ng�mL�1 in the BC group. The levels dropped to
8.1� 0.5, 6.9� 0.4, 5.7� 0.5 ng�mL�1, respectively, at
T3. At T2, troponin I levels in the DNC group were
significantly higher than in the BC group. Interleukin-6
levels in the DNC group were significantly higher than

in the HTK and BC groups at T2 (Figure 1). Early
perioperative data are summarized in Table 3.
Follow-up by MLR and AT-MLR on discharge up
to the first postoperative month is summarized in
Figure 2. All events were handled by an experienced
clinician as soon as detected via telecommunication,
employing urgent medical treatment. Any patient
with a permanent or emergency event resistant to med-
ical treatment was referred to the nearest hospital or
our center, and readmitted. The frequency of moni-
tored events was significantly more in the DNC
group due to more atrial fibrillation and more readmit-
ted patients. The readmission rate was 17.6% in the
DNC group, 9% in the HTK group, and 8% in the
BC group. Three patients in the DNC group, 2 in

Figure 1. Interleukin-6 levels throughout the procedure. *p< 0.05 vs. group 3 (control). m: p< 0.05 vs. group 2. BC: blood
cardioplegia; DNC: del Nido cardioplegia; HTK: histidine-tryptophane-ketoglutarate; T1: after induction of anesthesia; T2: after
cessation of cardiopulmonary bypass; T3: in the intensive care unit at 8 am on the first postoperative day.

Table 3. Early outcomes of coronary artery bypass grafting with different types of cardioplegia.

Variable DNC group HTK group BC group p value

3-vessel CABG 70 63 77 >0.05

4-vessel CABG 24 25 30 >0.05

Aortic crossclamp time (min) 81� 9 79� 8 82� 8 >0.05

Troponin I at T2 (ng�mL�1) 9.11� 0.5* 7.0� 0.5 6.35� 0.5 0.027

IABP insertion 8 5 5 >0.05

Hemorrhage (mL/24 h) 750� 50 850� 50 650� 50 >0.05

RBC transfusion 1.5� 0.5 1.6� 0.5 1.1� 0.5 >0.05

FFP transfusion 2.6� 0.8 2.5� 0.7 2.2� 0.5 >0.05

Respiratory support (h) 9.6� 3 8.4� 3 10.1� 4 >0.05

Cardioplegia volume (mL) 1850� 50* 1950� 50* 2950� 100 0.035

Ultrafiltration (mL) 950� 250 1100� 250 1300� 250 >0.05

Atrial fibrillation† 8/4 4/0 6/1 >0.05

LVEF before discharge 41.2%� 5% 39.9%� 5% 40.1%� 5% >0.05

ICU stay (days) 1.8� 0.5 1.4� 0.5 1.4� 0.5 >0.05

Hospital stay (days) 6.2� 1 5.6� 1 6.1� 1 >0.05

Hospital mortality 1 0 1 >0.05

*p< 0.05 versus group 3. †Non-permanent/permanent. CABG: coronary artery bypass grafting; BC: blood cardioplegia; DNC: del Nido cardioplegia;

FFP: fresh frozen plasma; HTK: histidine-tryptophane-ketoglutarate; IABP: intraaortic balloon pump; ICU: intensive care unit; LVEF: left ventricular

ejection fraction; RBC: packed red blood cells; T2: at the end of cardiopulmonary bypass.
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the HTK group, and 3 in the BC group underwent

coronary angiography; one patient each in the DNC

and HTK groups received a percutaneous intervention.

No reoperation was needed in any group.

Discussion

There is growing interest in the different types of car-

dioplegia, but the endpoints and results have been

completely different. The concerns may be due to the

difficulties in standardization and fixing parameters for

clear comparison.17 There are, however, unanswered

questions. The most critical problem is the definition

of del Nido solution. There have been more than 300

formula variations introduced under the same name

with definitely different chemical compositions. The

safe duration of myocardial protection with DNC is

also unclear. In pediatric cardiac surgery, publications

cite over 2 h of ischemic time. We know that in valve

surgery and especially pediatric surgery, the patient is

cooled to a lower degree without retrograde cannula-

tion. In CABG, the patient is much warmer, and even

the distribution of antegrade cardioplegic solution has

not been verified. Most clinics started with a 90-min

safe ischemic time in early publications, but this was

adjusted to 60min in later reports.17,18 In this study,

attention was focused on surface cooling but the tem-

perature could not be measured. This study aimed to

assess the classic del Nido solution with 90min ische-

mic time. For safety, a retrograde cannula was used in

every case. Left atrial venting was also employed to

exclude initial acute volume overload. Ion imbalance

and further volume excess were handled by ultrafiltra-

tion at the end of CPB. Aortic crossclamp time was not

different among the 3 groups because the proximal
anastomoses were performed on crossclamp.

This study aimed to include additional sensitive

parameters to give a broader comparison.
Interleukin-6 and cardiac troponin I levels were signif-
icantly higher in the DNC group at the end of CPB.
This may explain the poorer longer-term clinical out-
comes. One-month follow-up is an additional aspect of
this study. Most studies have given in-hospital compar-
isons with no difference in results. We defined criteria
highly likely to be signs of inadequate myocardial pro-

tection in the longer term, and evaluated data of
detailed monitoring. These signs might not be related
only to cardioplegia but may result from many factors
related to the whole process, however, they at least give
a picture of the 1st postoperative month. Our follow-up
was complete in 55% of patients, which is not entirely
satisfactory but close to the target if you consider the

difficulty in close monitoring.
One-month monitoring demonstrated more frequent

arrhythmic events and a related readmission rate in the
DNC group. A total of 18 readmissions were recorded;

8 patients were readmitted due to significant angina
with electrocardiogram changes resistant to medical
treatment: 3 in the DNC group, 2 in the HTK group,
and 3 in the BC group underwent coronary angiogra-
phy. Five patients in the DNC group, 2 in the HTK
group, and 2 in the BC group were readmitted due to
atrial fibrillation resistant to medical treatment. One

patient in the DNC group was rehospitalized due to
severe atrioventricular block.

The main limitation was that this was a single-center
study with a relatively small population and a lack of

the balancing impact of unmeasured confounders.
Larger multicenter randomized clinical trials would

Figure 2. Longer-term follow-up by memory loop recording (MLR) and auto-triggered MLR (AT-MLR) on discharge up to the first
postoperative month. *p< 0.05 vs. group 3 (control). BC: blood cardioplegia; DNC: del Nido cardioplegia; HTK: histidine-trypto-
phane-ketoglutarate.
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give a clearer idea. However, we concluded that cardi-
oplegia selection should rely more on better scientific
research, using evidence-based medicine and ranking of
clinical studies rather than clinician’s preference as the
primary determining factor. Our data underline the
importance of the long-term efficacy of cardioplegic
techniques, which becomes more prominent in high-
risk patients who genuinely have a chance to benefit
from adjunct protection. DNC with a target ischemic
time of 90min has issues documented by an excessive
inflammatory response and troponin I levels after CPB
as well as longer-term protection with a more signifi-
cant number of cardiac events and rehospitalization.
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