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Abstract
Background The clinical benefit of manual thrombus aspiration (TA) during primary percutaneous coronary intervention 
(PPCI) in patients with ST-segment elevation myocardial infarction (STEMI) remains uncertain. This study assessed the 
impact of circadian rhythms on the effectiveness of manual TA.
Methods and results We conducted an observational study of patients enrolled in the Acute Myocardial Infarction in Swit-
zerland Plus registry. STEMI patients undergoing PPCI with (TA group) or without (PCI-alone group) manual TA were 
divided based on time-of-day symptom onset: group 1 (00:00–05:59), group 2 (06:00–11:59), group 3 (12:00–17:59) and 
group 4 (18:00–23:59). The primary endpoint was circadian variation of myocardial infarction (MI) size. The secondary 
endpoint was in-hospital all-cause mortality. Between 2009 and 2014, 3648 patients underwent PPCI (TA, 49%). After 
propensity-score matching, 2860 patients were included. Minimal myocardial Injury was observed in groups 2 and 3 (peak 
creatine kinase level group 1, 2723 ± 148 U/l; group 2, 2493 ± 105 U/l; group 3, 2550 ± 106 U/l; group 4, 2952 ± 144 U/l; 
p = 0.044) in the TA group, whereas no time-of-day dependence was found in PCI-alone group. After periodic sinusoidal 
regression analysis, a circadian relationship between time-of-day symptom onset and MI size was demonstrated in the TA 
group (p < 0.001). In-hospital all-cause mortality was 3.4% in the TA group and 4.3% in the PCI-alone group (p = 0.20).
Conclusions In this large registry of STEMI patients, manual TA did not reduce in-hospital all-cause mortality. Nonetheless, 
there was a circadian dependence of TA effectiveness with greatest myocardial salvage for patients with symptom onset 
between 06:00 and 17:59.
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Abbreviations
ACS  Acute coronary syndrome
AMIS  Acute myocardial infarction in Switzerland
CK  Creatine kinase
I/R  Ischemia/reperfusion
MI  Myocardial infarction
PCI  Percutaneous coronary intervention
PPCI  Primary percutaneous coronary intervention
STEMI  ST-segment elevation myocardial infarction
TA  Thrombus aspiration
TIMI  Thrombolysis In myocardial infarction

Introduction

Primary percutaneous coronary intervention (PPCI) is the 
most effective reperfusion strategy for patients with acute 
ST-segment elevation myocardial infarction (STEMI) [1]. 
Distal thrombus embolization resulting in microvascular 
obstruction and failure to restore optimal microvascular 
perfusion remains a major limitation of PPCI and has been 
associated with increased mortality [2].

Manual thrombus aspiration (TA) during PPCI has been 
introduced with the intent to reduce thrombus burden, pre-
vent distal embolization and increase microvascular perfu-
sion [3, 4]. However, the clinical benefit of routine manual 
TA during PPCI remains uncertain owing to conflicting 
results of randomized clinical trials. The single-center rand-
omized Thrombus Aspiration during Percutaneous Coronary 
Intervention in Acute Myocardial Infarction Study (TAPAS) 
demonstrated improved myocardial reperfusion and a nearly 
50% reduction in 1-year mortality among STEMI patients 
undergoing manual TA compared with PPCI alone [5, 6]. 
Conversely, two recent large-scale multicenter randomized 
trials, the Thrombus Aspiration During ST-Segment Ele-
vation Myocardial Infarction (TASTE) trial [7, 8] and the 
Trial of Routine Aspiration Thrombectomy with PCI vs. PCI 
Alone in Patients with STEMI (TOTAL) [9], as well as sub-
sequent meta-analyses [10, 11] have consistently shown that 
manual TA did not reduce all-cause mortality and adverse 
clinical outcomes when compared with PPCI alone. Accord-
ingly, current European Society of Cardiology and American 
College of Cardiology/American Heart Association guide-
lines do not recommend the routine use of manual TA during 
PPCI for STEMI. However, the optimal selection of patient 
subgroups who might derive benefit from manual TA dur-
ing PPCI remains a matter of debate and the use of TA in 
patients with STEMI is heterogenous between hospital [12].

Circadian rhythms have been shown to exert a critical 
influence on the pathogenesis of STEMI [13]. Multiple 
large-scale registry-based studies demonstrated a time-of-
day-dependent variation of MI size among STEMI patients 
undergoing PPCI with larger infarct size and increased 

in-hospital mortality around midnight, irrespective of the 
total ischemic time [14–17]. Furthermore, previous studies 
have shown substantial circadian variation in the efficacy of 
reperfusion strategies such as fibrinolysis and PCI among 
patients with STEMI, with the lowest reperfusion success 
and impaired clinical outcomes during the early morning 
hours [18, 19]. These data suggest a circadian dependence 
of myocardial tolerance to the ischemia/reperfusion (I/R) 
injury during STEMI. We aimed to assess the impact of 
circadian rhythms on the clinical benefit of manual TA in a 
large real-world cohort of STEMI patients undergoing PPCI.

Methods

Study design

We conducted a retrospective analysis of patients included in 
Acute Myocardial Infarction in Switzerland (AMIS) Plus, a 
large, nationwide, multicenter registry of patients admitted 
with acute coronary syndrome (ACS) to hospitals in Swit-
zerland. AMIS Plus was founded in 1997 by the Swiss Soci-
eties of Cardiology, Internal Medicine and Intensive Care 
Medicine with the aim to understand the transfer, use and 
practicability of knowledge gained from randomized trials, 
and to generate data for the planning of subsequent prospec-
tive randomized studies. From 106 hospitals treating ACS 
in Switzerland, 82 hospitals temporarily or continuously 
enrolled patients and AMIS Plus registry. The design of the 
registry has been described previously [20].

AMIS Plus collects prospectively 230 items on a com-
puter-based database including medical history, comorbidi-
ties, cardiovascular risk factors, clinical presentation, out-
of-hospital management, early in-hospital management, 
reperfusion therapy, hospital course, diagnostic tests used 
or planned, length of stay, discharge medication and dis-
charge destination, immediate drug treatment and discharge 
medication. Participating centers provide blinded data for 
each patient through standardized internet-based or paper-
based questionnaires and are strongly encouraged to enroll 
all patients fulfilling the inclusion criteria to avoid selection 
bias. Hospital data are provided and completed by the treat-
ing physician or a trained study nurse. All data are checked 
for completeness, plausibility and consistency by the AMIS 
Plus Data Center in the Epidemiology, Biostatistics and Pre-
vention Institute at the University of Zurich.

Study population

We examined an observational cohort of patients with 
STEMI who underwent PPCI within 12 h of symptom onset 
from January 2008 to December 2014 and were included in 
the AMIS Plus registry. STEMI was defined by symptoms 
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of ischemia and at least 1-mm new (or presumed new) per-
sistent ST-segment elevation in two or more contiguous limb 
leads or at least 2-mm in two or more contiguous precordial 
leads, or new (or presumed new) left bundle branch block. 
Manual TA was performed at the discretion of the operator 
using one of the approved aspiration devices and followed 
by conventional PCI to the culprit lesion. No mechanical 
aspiration devices were included in this analysis. Epicardial 
reperfusion was assessed using the Thrombolysis in Myocar-
dial Infarction (TIMI) flow grading system before and after 
PPCI. Patients were divided into two groups based on the 
use of manual TA before PCI (TA group) or PCI only (PCI-
alone group). The TA group included all patients in whom 
manual TA was attempted. Patients were further divided into 
four time groups based on the time-of-day symptom onset, in 
line with recent literature [16, 17]: group 1 (00:00–05:59), 
group 2 (06:00–11:59), group 3 (12:00–17:59) and group 4 
(18:00–23:59).

Study endpoints

The primary endpoint was circadian variation of final MI 
size, as determined by peak CK release during the hospital 
period. The secondary endpoint was all-cause mortality dur-
ing the hospital period.

Statistical analysis

The results are presented as percentages for categorical vari-
ables and analyzed using the Chi square test or the Fisher’s 
exact test as appropriate. Continuous normally distributed 
variables are expressed as means ± standard deviation (SD) 
and compared using the two-tailed Student’s t test. Con-
tinuous non-normally distributed variables are expressed 
as median and interquartile ranges and analyzed using the 
Mann–Whitney U test. According to previously published 
methodology [15], peak CK level was plotted against time-
of-day symptom onset expressed over a 24-h interval and 
to determine whether the relationship between MI size and 
time-of-day symptom onset follows a circadian pattern, a 
periodic sinusoidal regression analysis was performed using 
the equation f(t) = a + b × sin(2p × (t − c)/24), where ‘a’ rep-
resents the rhythm mean value, ‘b’ indicates the amplitude of 
this sine function, and ‘c’ indicates its origin. A 24-h period 
for circadian rhythm was assumed. A circadian rhythm was 
deemed to be present if the amplitude of the fitted curve 
was significantly different from 0 using the Wald test. Pro-
pensity-score matching analysis was performed to adjust for 
all demographic and procedural variables between TA and 
PCI-alone groups (Table 1). Greedy matching in the form 
of nearest neighbor matching within a caliper of ± 0.05 on 
the propensity score was employed and randomly matched 
one patient in the TA group to one patient in the PCI-alone 

group. Ischemic time was used a continuous variable; all 
variables were added as linear term and no interaction was 
used. SPSS software (version 24.0.0, SPSS Inc., Chicago, 
Illinois, USA) was used for all statistical analyses.

Ethical considerations

The study protocol complies with the Declaration of Hel-
sinki regarding investigations on humans and was approved 
the Swiss board for data security and all regional ethics 
commissions.

Results

From 1st January 2008 to 31st December 2014, a total of 
4154 patients with STEMI from 51 Swiss hospitals were 
prospectively enrolled in the AMIS Plus registry. 3648 
STEMI patients underwent PPCI within 12 h of symptom 
onset and were included for analysis. Of these, 1800 patients 
(49%) underwent manual TA before PCI and 1848 patients 
(51%) were treated with PCI only (Fig. 1).

Study population

The baseline characteristics of the study population are listed 
in Table 1. Overall, patients in the TA group were younger, 
more likely male, had lower rates of hypertension and previ-
ous coronary artery bypass grafting, and had shorter reper-
fusion delays compared with patients undergoing PCI only. 
Rates of cardiogenic shock and anterior MI were not statisti-
cally different between the two groups. Patients in the TA 
group were less likely to receive aspirin or a  P2Y12 receptor 
antagonist, compared with patients in the PCI-alone group. 
There were higher rates of glycoprotein IIb/IIIa inhibitors 
use in the TA group than in the PCI-alone group. Proce-
dural success rates, defined as rates of post-procedural TIMI 
flow grade 3, were significantly lower in patients undergoing 
manual TA compared with those treated with PCI only.

Propensity-score matching analysis was performed to 
adjust for all demographic and procedural variables between 
TA and PCI-alone groups, producing a cohort of 2860 
patients (1430 patients in TA and PCI-alone groups) (Fig. 1). 
After propensity-score matching, baseline demographics and 
procedural characteristics were well balanced between the 
two propensity-matched cohorts (Table 1).

Circadian patterns of myocardial infarction 
incidence and myocardial infarct size

A 24-h variation in MI onset time was observed in the over-
all STEMI population. The peak incidence of MI symptom 
onset was observed between 08:00 and 14:59 (n = 1300, 
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Table 1  Baseline clinical, angiographic and procedural characteristics

Ischemic delay: symptom onset-to-PPCI time. Values are expressed as mean (± SD) or number (percentage)
IQR interquartile range, CABG coronary artery bypass grafting, MI myocardial infarction, PPCI primary percutaneous coronary intervention, 
TIMI thrombolysis in myocardial infarction

Overall population Propensity-score matched population

Thrombus aspiration group PCI-alone group Thrombus aspiration group PCI-alone group

n = 1800 n = 1848 p value n = 1430 n = 1430 p value

Age (years) 60 (52, 70) 64 (54, 74) < 0.001 60 (52, 71) 62 (53, 71) 0.085
Male sex 1440 (80.0) 1391 (75.3) 0.001 1124 (78,6) 1116 (78,0) 0.751
Ischemic delay (minutes) 185 (131, 279) 195 (137, 307) 0.007 183 (128, 275) 190 (135, 289) 0.284
Body mass index (kg/m2) 26.5 (24.2, 29.4) 26.4 (24.2, 29.4) 0.615 26.4 (24.2, 29.4) 26.5 (24.2, 29.4) 0.864
Dyslipidemia 931 (56.7) 897 (54.8) 0.290 795 (55.6) 779 (54.5) 0.573
Hypertension 890 (47.4) 988 (52.6) 0.002 742 (51.9) 755 (52.8) 0.653
Diabetes mellitus 238 (13.5) 270 (15.4) 0.113 204 (14.3) 215 (15.0) 0.597
Smoking status 0.464 0.545
 Active smokers 782 (46.9) 743 (45.6) 604 (42.2) 621 (43.4)
 Non smokers 887 (53.1) 887 (54.4) 826 (57.8) 809 (56.6)

Previous myocardial infarction 195 (11.0) 233 (13.1) 0.064 157 (11.0) 165 (11.5) 0.679
Previous PCI 222 (12.6) 229 (12.8) 0.807 184 (12.9) 181 (12.7) 0.911
Previous CABG 33 (1.9) 52 (2.9) 0.041 34 (2.4) 35 (2.4) 1.000
Killip class 0.986 0.490
 I 1545 (86.5) 1587 (86.2) 1237 (86.5) 1240 (86.7)
 II 111 (6.2) 118 (6.4) 92 (6.4) 83 (5.8)
 III 27 (1.5) 30 (1.6) 21 (1.5) 20 (1.4)
 IV 103 (5.8) 106 (5.8) 77 (5.4) 90 (6.3)

Anterior myocardial infarction 730 (40.6) 795 (43.1) 0.131 570 (39.9) 608 (42.5) 0.160
Drug therapy at admission
 Aspirin 106 (5.9) 147 (8.0) 0.014 330 (23.1) 355 (24.8) 0.293
 P2Y12 inhibitor 368 (22.7) 439 (26.7) 0.008 93 (6.5) 106 (7.4) 0.378
 Oral anticoagulation 55 (3.4) 50 (3.1) 0.606 64 (4.5) 61 (4.3) 0.855

Immediate drug therapy
 Aspirin 1759 (98.0) 1817 (98.3) 0.461 1399 (97.8) 1408 (98.5) 0.267
 P2Y12 inhibitor 1728 (96.0) 1805 (97.7) 0.004 1378 (96.4) 1394 (97.5) 0.104
 Glycoprotein IIb/IIIa antagonist 726 (40.3) 359 (19.4) < 0.001 384 (26.9) 345 (24.1) 0.103
 Unfractioned heparin 1560 (86.9) 1503 (81.6) < 0.001 1212 (84.8) 1206 (84.3) 0.796
 Low-molecular-weight heparin 377 (21.0) 435 (23.8) 0.048 328 (22.9) 315 (22.0) 0.591
 Bivalirudin 53 (3.0) 36 (2.0) 0.053 42 (2.9) 35 (2.4) 0.488

Number of diseased vessels
 1 908 (50.4) 770 (41.7) < 0.001 708 (49.5) 691 (48,3) 0.55
 2 519 (28.8) 579 (31.3) 0.1 406 (28.4) 448 (31,3) 0.094
 3 302 (16.8) 486 (26.3) < 0.001 278 (19.4) 278 (19,4) 1

Infarct-related artery
 Left main coronary artery 20 (1.1) 48 (2.6) 0.001 19 (1.3) 17 (1,2) 0.867
 Left anterior descending artery 788 (43.8) 900 (48.7) 0.003 615 (43.0) 654 (45,7) 0.153
 Right coronary artery 808 (44.9) 781 (42.3) 0.11 642 (44.9) 616 (43,1) 0.346
 Left circumflex artery 272 (15.1) 394 (21.3) < 0.001 241 (16.9) 250 (17,5) 0.692

TIMI flow grade after PPCI 0.007 0.321
 0 8 (0.5) 23 (1.6) 20 (1.4) 6 (0,4)
 1 16 (1) 10 (0.7) 14 (1.0) 18 (1,3)
 2 75 (4.7) 52 (3.5) 74 (5.2) 86 (6,0)
 3 1487 (93.8) 1394 (94.3) 1322 (92.4) 1320 (92,3)
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45.5%), whereas the lowest incidence occurred between 
19:00 and 04:59 (n = 857, 30%). When the incidence of 
STEMI was plotted against time-of-day symptom onset, the 
distribution fitted a sinusoidal function that fulfilled crite-
ria for a significant circadian pattern (p < 0.001) (Fig. 2). 
A significant circadian variation in MI size, as determined 
by peak CK release, was also demonstrated in the overall 
study population following PPCI. The distribution showed a 
sinusoidal function matching criteria for a significant circa-
dian dependence between MI size and time-of-day symptom 
onset (p < 0.001) (Fig. 2). In the overall population, the larg-
est MI size was observed between 18:00 and 23:59, whereas 
the smallest MI size occurred in the 06:00–11:59 interval.

In‑hospital primary and secondary outcomes

Patients undergoing manual TA during PPCI demon-
strated a larger final MI size during hospital admission 

when compared to patients treated with PCI only (peak 
CK level 2636 ± 61 vs. 1893 ± 59 U/L; p < 0.001). In the 
TA group, the largest myocardial injury was observed 
when symptom onset occurred between 18:00 and 23:59 
(group 1, 2723 ± 148 U/l; group 2, 2493 ± 105 U/l; group 
3, 2550 ± 106 U/l; group 4, 2952 ± 144 U/l; p = 0.044 for 
trend). The distribution displayed a sinusoidal function 
matching criteria for a significant circadian dependence 
between MI size and time-of-day symptom onset for 
patients undergoing manual TA (p < 0.001). The amplitude 
of the sinusoidal curve was 344 U/l (Fig. 3). Notably, there 
was significantly greater benefit of manual TA with respect 
to myocardial salvage among patients with symptom onset 
between 06:00 and 17:59 with a 15% reduction in mean 
MI size when compared to patients undergoing TA in the 
18:00–05:59 interval (mean difference, groups 2 + 3 vs. 
groups 1 + 4, 391 U/l; p = 0.01). In addition, proportion of 
TIMI flow 3 was significantly higher in groups 2 + 3 vs. 

Fig. 1  Study flow chart. PPCI primary percutaneous coronary intervention, STEMI ST-segment elevation myocardial infarction
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groups 1 + 4 in the TA group (852 = 93.4% vs 468, 90.3%, 
respectively, p = 0.036).

Contrariwise, there was no significant circadian relation-
ship between MI size and time-of-day symptom onset in 
patients treated with PCI only (group 1, 2044 ± 124 U/l; 
group 2, 1756 ± 93 U/l; group 3, 1850 ± 128 U/l; group 4, 
2024 ± 136 U/l; p = 0.239 for trend). In the PCI-alone group, 
proportion of TIMI flow 3 was comparable in groups 2 + 3 
vs. groups 1 + 4 (537 = 92.6% vs 785 = 92.4%, respectively, 
p = 0.870).

All-cause in-hospital death was not statistically different 
between TA and PCI-alone groups (3.4 vs. 4.3%, respec-
tively; hazard ratio 1.28; 95% confidence interval 0.87–1.89; 
p = 0.20).

Discussion

The major findings of the present study from a large, pro-
spective, nationwide cohort of unselected patients undergo-
ing PPCI for STEMI can be summarized as follows: (1) MI 
size demonstrates a circadian dependence on time-of-day 
symptom onset with the largest MI size in patients with 
symptom onset between 18:00 and 23:59; (2) manual TA 
during PPCI does not reduce in-hospital all-cause mortal-
ity compared with PCI alone; and (3) the effectiveness of 
manual TA during PPCI varies according to the time-of-
day symptom onset, with the largest myocardial salvage in 
patients with symptom onset between 06:00 and 17:59.

To the best of our knowledge, this is the first study sug-
gesting the influence of circadian patterns on the clinical 
benefit of manual TA during PPCI. These findings provide 
important insights to understand the circadian pathophysi-
ology of STEMI and might contribute to the appropriate 
selection of STEMI patients that may derive benefit from 
the selected use of manual TA during PPCI.

Circadian variation in acute myocardial infarction 
incidence and myocardial infarct size

Consistent with the results of previous studies [16, 17, 21], 
our findings demonstrate a circadian variation of STEMI 
onset time with a peak incidence in the early morning 
period at the sleep-to-wake transition confirming the criti-
cal influence of circadian rhythms on MI pathophysiology. 
The circadian pattern of MI incidence has been traditionally 
attributed to time-of-day-dependent fluctuations of noncar-
diac factors, such as increased sympathetic activity [22], 
increased platelet aggregability [23], decreased endogenous 
fibrinolytic activity [23], and increased cortisol levels [24] 
during the early morning hours. Beyond the existence of 
circadian patterns of MI incidence, we observed a circadian 
dependence of MI size on the time of myocardial ischemia 

Fig. 2  Circadian variation of myocardial infarction incidence and 
myocardial infarct size. Histograms represent the relationship 
between MI incidence (left  y-axis) and time-of-day symptom onset 
(x-axis) in the overall population. Bar charts display number of 
patients with symptom onset and demonstrate a lower MI incidence 
during the night hours and a peak MI incidence between 08:00 and 
14:59 (p < 0.001). Solid line represents the fitted sinusoidal curve of 
peak CK level (right  y-axis) plotted against time-of-day symptom 
onset (x-axis), demonstrating largest MI size in patients with symp-
tom onset between 22:00 and 02:00 (p < 0.001). Dashed lines rep-
resent 95% confidence interval. CK creatine kinase, MI myocardial 
infarction

Fig. 3  Circadian dependence of myocardial infarct size on time-of-
day symptom onset in patients undergoing manual thrombus aspira-
tion. Solid line represents myocardial infarct size, assessed by peak 
creatine kinase level (y-axis) plotted against time-of-day symptom 
onset (x-axis), demonstrating a sinusoidal curve that fulfills criteria 
for a significant circadian pattern (p < 0.001). Dashed lines represent 
95% confidence interval
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onset with the largest myocardial injury among patients with 
symptom onset between 22:00 and 02:00. These findings are 
in line with the results of numerous previous studies [14–17] 
and support the hypothesis of a circadian dependence of 
endogenous myocardial tolerance to I/R injury.

Circadian variation in manual thrombus aspiration 
effectiveness

In this large, real-world nationwide registry of STEMI 
patients undergoing PPCI, routine manual TA as compared 
with PCI alone did not reduce the risk of in-hospital all-
cause death. These findings are consistent with the results 
of two recent large-scale randomized clinical trials [8, 9] and 
subsequent meta-analyses [10, 11].

The potential influence of time-of-day symptom onset 
and circadian rhythms on the clinical benefit of manual TA 
has not been reported previously. Based on the data from 
our large nationwide registry, we demonstrate for the first 
time a circadian relationship between the effectiveness of 
manual TA and time of STEMI onset. The largest myocar-
dial salvage was demonstrated in patients with STEMI onset 
between 06:00 and 17:59, suggesting a potential benefit of 
manual TA when performed during the day time. The exact 
mechanism underlying the circadian dependence of manual 
TA effectiveness cannot be directly derived from our study. 
However, our current knowledge concerning the role of 
human circadian rhythms in the pathogenesis of cardiovas-
cular disease advocates for different possible explanations.

First, time-of-day-dependent variations in blood viscosity, 
coronary blood flow, plasma cortisol and catecholamine lev-
els, platelet aggregation and activation, coagulation factors 
and endogenous thrombolytic activity have been reported 
[23, 25, 26]. Platelet aggregation in response to epinephrine, 
adenosine diphosphate and thrombin is heightened during 
early morning hours [23, 25]. Similarly, plasma fibrinogen 
levels increase between 06:00 and 12:00, whereas antithrom-
bin levels decline [23]. Time-of-day-dependent fluctuations 
in tissue-type plasminogen activator inhibition may also con-
tribute to both increased prothrombotic state during the early 
morning period and enhanced natural fibrinolytic activity 
during the evening hours [27]. These circadian patterns in 
platelet behavior and thrombotic propensity that result in 
24-h fluctuations of the physiological balance between pro-
thrombotic and fibrinolytic factors may potentially explain 
time-of-day-dependent variations in the effectiveness of 
manual TA.

A 24-h-dependent variation in the efficacy of pharma-
cological and mechanical myocardial reperfusion strat-
egies has been described among patients with STEMI. 
Thrombolytic therapy has been associated with lowest 
reperfusion rates in early morning and late evening hours 
and highest efficacy when administered between noon 

and midnight [18, 19]. Time of the thrombolytic therapy 
has also been shown as an independent factor with major 
impact on successful reperfusion and dose adjustment of 
thrombolytic agents according to the time of day has been 
suggested [28]. This circadian resistance to thrombolysis 
has been explained by time-of-day-dependent fluctuations 
in endogenous prothrombotic and fibrinolytic activities 
[18, 19]. Both plasminogen activator inhibitor-1 (PAI-
1) [18] and platelet surface activation markers [26] have 
been shown to display a circadian pattern with highest 
PAI-1 levels and increased platelet aggregability in early 
morning hours, which coincides with the morning peak 
of thrombus formation and platelet aggregation [23, 25]. 
Similarly, a significant circadian variation with respect to 
microvascular perfusion, MI size and clinical outcomes 
has been reported for STEMI patients undergoing PPCI 
[29]. After correction for baseline confounding factors, 
PPCI performed between 04:00 and 08:00 was associated 
with increased 1-year mortality, whereas patients treated 
between 08:00 and 16:00 showed improved myocardial 
perfusion and reduced long-term mortality rates. These 
findings tend to support the hypothesis of circadian vari-
ations in myocardial tolerance to ischemia, which may 
potentially extent to myocardial salvaging interventions.

Second, there is growing evidence from preclinical 
studies suggesting a circadian variation in myocardial 
tolerance to I/R injury. Time-of-day-dependent variations 
in cardiomyocyte circadian clock genes expression that 
modulate myocardial I/R tolerance throughout the 24-h 
cycle have been observed in animal models. In a murine 
model, hearts undergoing prolonged myocardial ischemia 
at sleep-to-wake transition exhibited a 3.5-fold increase 
in MI size compared with those at wake-to-sleep transi-
tion [30]. Interestingly, the time-of-day-dependent vari-
ation in infarct size was abolished after deletion of the 
cardiomyocyte circadian clock gene [30]. A similar cir-
cadian dependence of MI size on coronary artery occlu-
sion onset time has been described in humans. STEMI 
patients referred for PPCI experienced maximal myocar-
dial injury when infarction started in early morning hours 
and reperfusion occurred near to sleep-to-wake transition, 
suggesting a comparable time-dependent mechanism of 
myocardial protection in the human heart [15]. Further-
more, STEMI patients with failed myocardial reperfusion 
after PPCI presenting in early morning hours have demon-
strated greater tolerance to myocardial ischemia resulting 
in reduced 30-day mortality rates, compared with those 
presenting between 06:00 and midnight [31]. These obser-
vations combined with our findings highlight a time-of-
day-dependent variation in myocardial tolerance to I/R 
injury, which may be relevant to clinical trials examining 
the efficacy of myocardial salvaging interventions during 
PPCI. Despite the precise mechanism remains unclear, 
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a strong relationship between cascades mediating in I/R 
injury and those regulated by cardiomyocyte circadian 
clock genes has been recently suggested [13].

Study limitations

Our data must be interpreted in view of several limitations. 
First, our study includes all limitations of a large nationwide 
registry, such as potential bias and unmeasured confound-
ers associated with nonrandomized studies. In addition, we 
cannot exclude the possibility of underreporting of clinical 
outcomes. Despite the large size of our study population, 
our cohort may not have the power to detect differences in 
rates of in-hospital all-cause mortality related to the use of 
manual TA among subgroups of STEMI patients. Second, 
biomarkers (peak CK levels) were used as a surrogate of 
final MI size [32, 33] whereas recent non-invasive imag-
ing modalities, such as cardiac magnetic resonance imaging 
(MRI) [34] and single-photon emission computed tomog-
raphy (SPECT), provide nowadays greater sensitivity and 
specificity for determination of MI size. However, peak CK 
levels have been extensively used as a surrogate outcome 
to determine final MI size in numerous studies evaluating 
circadian rhythms in patients with STEMI [14–16]. Fur-
thermore, previous studies have shown a strong relation-
ship between peak CK levels and absolute MI size, as deter-
mined by MRI and SPECT, in STEMI patients undergoing 
PPCI [35]. Third, technical aspects such as the presence of 
bifurcation lesions [36–38], treatment of non-culprit lesion 
[39] or intravenous morphine administration [40] were not 
recorded. Finally, other confounders such as higher operator 
experience at day time may also play a role. However, it has 
been previously suggested that the procedure time, number 
of stents, stents length or diameter and use of contrast were 
similar between day and night in a study investigating the 
circadian variation of MI size in STEMI patients [17].

Conclusions

In a large, real-world contemporary cohort of patients under-
going PPCI for STEMI, routine manual TA did not reduce 
the risk of in-hospital all-cause death compared with PCI 
alone. We observed a circadian dependence of manual TA 
effectiveness with greatest myocardial salvage in patients 
with symptom onset during the daytime. These findings 
support the emerging concept of a circadian dependence of 
myocardial tolerance to the I/R injury. An adjustment of 
myocardial salvaging interventions based on time-of-day 
symptom onset may be warranted for patients with STEMI 
treated with PPCI.

Compliance with ethical standards 

Conflict of interest The authors have no conflicts of interest to declare.

References

 1. Keeley EC, Boura JA, Grines CL (2003) Primary angioplasty 
versus intravenous thrombolytic therapy for acute myocardial 
infarction: a quantitative review of 23 randomised trials. Lancet 
361:13–20

 2. Noman A, Egred M, Bagnall A, Spyridopoulos I, Jamieson S, 
Ahmed J (2012) Impact of thrombus aspiration during primary 
percutaneous coronary intervention on mortality in ST-segment 
elevation myocardial infarction. Eur Heart J 33:3054–3061

 3. de Waha S, Desch S, Eitel I et al (2012) Relationship and prog-
nostic value of microvascular obstruction and infarct size in 
ST-elevation myocardial infarction as visualized by magnetic 
resonance imaging. Clin Res Cardiol 101:487–495

 4. Dong-bao L, Qi H, Zhi L, Shan W, Wei-ying J (2009) Predictors 
and short-term prognosis of angiographically detected distal 
embolization after emergency percutaneous coronary interven-
tion for ST-elevation acute myocardial infarction. Clin Res Car-
diol 98:773–779

 5. Svilaas T, Vlaar PJ, van der Horst IC et al (2008) Thrombus 
aspiration during primary percutaneous coronary intervention. 
N Engl J Med 358:557–567

 6. Vlaar PJ, Svilaas T, van der Horst IC et al (2008) Cardiac death 
and reinfarction after 1 year in the thrombus aspiration dur-
ing percutaneous coronary intervention in Acute myocardial 
infarction Study (TAPAS): a 1-year follow-up study. Lancet 
371:1915–1920

 7. Frobert O, Lagerqvist B, Olivecrona GK et al (2013) Thrombus 
aspiration during ST-segment elevation myocardial infarction. N 
Engl J Med 369:1587–1597

 8. Lagerqvist B, Frobert O, Olivecrona GK et al (2014) Outcomes 1 
year after thrombus aspiration for myocardial infarction. N Engl 
J Med 371:1111–1120

 9. Jolly SS, Cairns JA, Yusuf S et al (2015) Randomized trial of 
primary PCI with or without routine manual thrombectomy. N 
Engl J Med 372:1389–1398

 10. Kumbhani DJ, Bavry AA, Desai MY, Bangalore S, Bhatt DL 
(2013) Role of aspiration and mechanical thrombectomy in 
patients with acute myocardial infarction undergoing primary 
angioplasty: an updated meta-analysis of randomized trials. J Am 
Coll Cardiol 62:1409–1418

 11. Elgendy IY, Huo T, Bhatt DL, Bavry AA (2015) Is aspiration 
thrombectomy beneficial in patients undergoing primary percuta-
neous coronary intervention? Meta-analysis of randomized trials. 
Circ Cardiovasc Interv 8:e002258

 12. Harle T, Zeymer U, Hochadel M et al (2015) Use and impact of 
thrombectomy in primary percutaneous coronary intervention for 
acute myocardial infarction with persistent ST-segment elevation: 
results of the prospective ALKK PCI-registry. Clin Res Cardiol 
104:803–811

 13. Virag JA, Lust RM (2014) Circadian influences on myocardial 
infarction. Front Physiol 5:422

 14. Fournier S, Taffe P, Radovanovic D et al (2015) Myocardial infarct 
size and mortality depend on the time of day-a large multicenter 
study. PLoS One 10:e0119157

 15. Reiter R, Swingen C, Moore L, Henry TD, Traverse JH (2012) 
Circadian dependence of infarct size and left ventricular function 
after ST elevation myocardial infarction. Circ Res 110:105–110



Clinical Research in Cardiology 

1 3

 16. Suarez-Barrientos A, Lopez-Romero P, Vivas D et al (2011) Cir-
cadian variations of infarct size in acute myocardial infarction. 
Heart 97:970–976

 17. Fournier S, Eeckhout E, Mangiacapra F et al (2012) Circadian 
variations of ischemic burden among patients with myocardial 
infarction undergoing primary percutaneous coronary interven-
tion. Am Heart J 163:208–213

 18. Kurnik PB (1995) Circadian variation in the efficacy of tissue-type 
plasminogen activator. Circulation 91:1341–1346

 19. Kono T, Morita H, Nishina T et al (1996) Circadian variations of 
onset of acute myocardial infarction and efficacy of thrombolytic 
therapy. J Am Coll Cardiol 27:774–778

 20. Radovanovic D, Erne P (2010) AMIS plus: swiss registry of acute 
coronary syndrome. Heart 96:917–921

 21. Muller JE, Stone PH, Turi ZG et al (1985) Circadian variation in 
the frequency of onset of acute myocardial infarction. N Engl J 
Med 313:1315–1322

 22. Panza JA, Epstein SE, Quyyumi AA (1991) Circadian variation in 
vascular tone and its relation to alpha-sympathetic vasoconstrictor 
activity. N Engl J Med 325:986–990

 23. Petralito A, Mangiafico RA, Gibiino S, Cuffari MA, Miano MF, 
Fiore CE (1982) Daily modifications of plasma fibrinogen plate-
lets aggregation, Howell’s time, PTT, TT, and antithrombin II in 
normal subjects and in patients with vascular disease. Chronobio-
logia 9:195–201

 24. Rea MS, Figueiro MG, Sharkey KM, Carskadon MA (2012) 
Relationship of morning cortisol to circadian phase and rising 
time in young adults with delayed sleep times. Int J Endocrinol 
2012:749460

 25. Tofler GH, Brezinski D, Schafer AI et al (1987) Concurrent morn-
ing increase in platelet aggregability and the risk of myocardial 
infarction and sudden cardiac death. N Engl J Med 316:1514–1518

 26. Scheer FA, Michelson AD, Frelinger AL 3rd et al (2011) The 
human endogenous circadian system causes greatest platelet acti-
vation during the biological morning independent of behaviors. 
PLoS One 6:e24549

 27. Grimaudo V, Hauert J, Bachmann F, Kruithof EK (1988) Diurnal 
variation of the fibrinolytic system. Thromb Haemost 59:495–499

 28. Goldhammer E, Kharash L, Abinader EG (1999) Circadian fluctu-
ations in the efficacy of thrombolysis with streptokinase. Postgrad 
Med J 75:667–671

 29. De Luca G, Suryapranata H, Ottervanger JP et al (2005) Circadian 
variation in myocardial perfusion and mortality in patients with 
ST-segment elevation myocardial infarction treated by primary 
angioplasty. Am Heart J 150:1185–1189

 30. Durgan DJ, Pulinilkunnil T, Villegas-Montoya C et al (2010) 
Short communication: ischemia/reperfusion tolerance is time-of-
day-dependent: mediation by the cardiomyocyte circadian clock. 
Circ Res 106:546–550

 31. Wieringa WG, Lexis CP, Mahmoud KD et al (2014) Time of 
symptom onset and value of myocardial blush and infarct size 
on prognosis in patients with ST-elevation myocardial infarction. 
Chronobiol Int 31:797–806

 32. Leibundgut G, Gick M, Morel O et al (2016) Discordant cardiac 
biomarker levels independently predict outcome in ST-segment 
elevation myocardial infarction. Clin Res Cardiol 105:432–440

 33. Fournier S, Iten L, Marques-Vidal P et al (2017) Circadian rhythm 
of blood cardiac troponin T concentration. Clin Res Cardiol 
106(12):1026–1032

 34. Bouma W, Willemsen HM, Lexis CP et  al (2016) Chronic 
ischemic mitral regurgitation and papillary muscle infarction 
detected by late gadolinium-enhanced cardiac magnetic resonance 
imaging in patients with ST-segment elevation myocardial infarc-
tion. Clin Res Cardiol 105:981–991

 35. Chia S, Senatore F, Raffel OC, Lee H, Wackers FJ, Jang IK (2008) 
Utility of cardiac biomarkers in predicting infarct size, left ven-
tricular function, and clinical outcome after primary percutane-
ous coronary intervention for ST-segment elevation myocardial 
infarction. JACC Cardiovasc Interv 1:415–423

 36. Kleber FX, Rittger H, Ludwig J et al (2016) Drug eluting balloons 
as stand alone procedure for coronary bifurcational lesions: results 
of the randomized multicenter PEPCAD-BIF trial. Clin Res Car-
diol 105:613–621

 37. Ferenc M, Buettner HJ, Gick M et al (2016) Clinical outcome after 
percutaneous treatment of de novo coronary bifurcation lesions 
using first or second generation of drug-eluting stents. Clin Res 
Cardiol 105:230–238

 38. van der Heijden LC, Kok MM, Lam MK et al (2016) Bifurcation 
treatment with novel, highly flexible drug-eluting coronary stents 
in all-comers: 2-year outcome in patients of the DUTCH PEERS 
trial. Clin Res Cardiol 105:206–215

 39. Ong P, Sechtem U (2016) Controversies in the treatment of 
patients with STEMI and multivessel disease: is it time for PCI 
of all lesions? Clin Res Cardiol 105:467–470

 40. de Waha S, Eitel I, Desch S et al (2015) Intravenous morphine 
administration and reperfusion success in ST-elevation myocar-
dial infarction: insights from cardiac magnetic resonance imaging. 
Clin Res Cardiol 104:727–734


	Circadian dependence of manual thrombus aspiration benefit in patients with ST-segment elevation myocardial infarction undergoing primary percutaneous coronary intervention
	Abstract
	Background 
	Methods and results 
	Conclusions 

	Introduction
	Methods
	Study design
	Study population
	Study endpoints
	Statistical analysis
	Ethical considerations

	Results
	Study population
	Circadian patterns of myocardial infarction incidence and myocardial infarct size
	In-hospital primary and secondary outcomes

	Discussion
	Circadian variation in acute myocardial infarction incidence and myocardial infarct size
	Circadian variation in manual thrombus aspiration effectiveness
	Study limitations

	Conclusions
	References


