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Abstract
Data derived from several studies suggest a better survival in smokers with acute myocardial infarction, a phenomenon 
referred to as the ‘smoker’s paradox’. We aimed to investigate the association of smoking with cardiac magnetic resonance 
(CMR) imaging determined infarct severity and major adverse cardiac events (MACE) defined as the occurrence of death, 
reinfarction, and congestive heart failure at 12 months in patients with non-ST-elevation myocardial infarction (NSTEMI) 
reperfused by early percutaneous coronary intervention (PCI). In this multicenter, registry study 311 NSTEMI patients 
underwent CMR imaging 3 (interquartile range [IQR] 2–4) days after PCI. Myocardial salvage index (MSI), infarct size 
(IS), and microvascular obstruction (MVO) as well as MACE rate were compared according to admission smoking status. 
Approximately one-third of patients were current smokers (n = 122, 39%). Smokers were significantly younger and less 
likely to have hypertension as compared to non-smokers (all p < 0.05). The extent of MSI (63.2, IQR 28.9–85.4 vs. 65.6, 
IQR 42.2–82.9, p = 0.30), and IS (7.2, IQR 2.3–15.7%LV vs. 7.0, IQR 2.2–12.4%LV, p = 0.27) did not differ significantly 
between smokers and non-smokers. Despite similar prevalence of MVO, MVO (%LV) was higher in smokers compared 
to non-smokers (2.0, IQR 0.9–4.7%LV vs. 1.2, IQR 0.7–2.2%LV, p = 0.03). MACE rates at 12 months were comparable in 
smokers and non-smokers (5.7% vs. 7.4%, p = 0.65). In NSTEMI patients, smoking is neither associated with increased myo-
cardial salvage nor less severe myocardial damage. Clinical outcome at 12 months was similar in smokers and non-smokers.
Trial registration NCT03516578.
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Introduction

The high risk for acute ischemic events associated with 
cigarette smoking might be due to several predisposing fac-
tors including endothelial dysfunction, oxidative stress and 
inflammatory processes [1, 2]. During the last three decades 
several studies observed lower mortality rates in smokers 
with acute myocardial infarction (AMI), a phenomenon 
referred to as the ‘smoker’s paradox’ [3–7]. Less severe 
myocardial injury in smokers was thought to be a possible 
underlying cause of this phenomenon [8, 9]. However, the 
majority of these studies was generated in the thrombolytic 
era and included mainly patients with ST-elevation myocar-
dial infarction (STEMI).
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In patients after AMI, cardiac magnetic resonance (CMR) 
imaging is regarded as the reference technique to assess 
myocardial function, morphology as well as myocardial 
and microvascular injury [10–16]. Moreover, quantification 
of myocardial salvage visualizes the effect of reperfusion 
therapy [17, 18]. However, studies using CMR to observe 
the impact of smoking on myocardial injury following AMI 
had been lacking for a long time. Recently, in patients with 
STEMI no association was observed between smoking status 
and CMR-derived infarct size (IS), microvascular obstruc-
tion (MVO) and myocardial salvage [19, 20]. Moreover, 
in these studies smoking was not related with clinical out-
come after multivariable adjustment. These data challenge 
the existence of a smokers paradox in contemporary STEMI 
patients treated with PCI.

To date, however, no studies addressed the impact of 
smoking on CMR-determined infarct characteristics and 
clinical outcome in patients with non-ST-elevation myocar-
dial infarction (NSTEMI) reperfused with primary percuta-
neous coronary intervention (PCI). Therefore, the present 
study aimed (1) to investigate the association of smoking 
with infarct characteristics assessed by CMR and (2) to 
determine the prognostic significance of smoking on clini-
cal outcome in patients with NSTEMI reperfused with early 
PCI.

Materials and methods

Study design

The present study was a analysis from a prospective, mul-
ticenter, registry study, investigating clinical and angio-
graphic determinants as well as the prognostic significance 
of CMR-derived infarct characteristics in NSTEMI patients. 
Patients were included if they had: (1) ischemic symptoms in 
accordance with a possible NSTEMI diagnosis; (2) elevated 
cardiac troponin levels above the 99th percentile; and (3) 
an identifiable culprit lesion during early invasive coronary 
angiography with performed PCI. Patients with STEMI, 
cardiogenic shock, no identifiable culprit lesion or culprit 
lesion ineligible for PCI, indication for acute bypass surgery, 
age < 18 years or > 90 years, pregnancy and contraindica-
tions for CMR (e.g. claustrophobia, implanted pacemakers 
or internal cardioverter defibrillators, intracranial metallic 
implants, allergy to gadolinium based contrast agents and 
creatinine clearance < 30 mL/min) were excluded. Posterior 
ECG-leads were routinely performed to exclude posterior 
STEMI.

Smoking status was assessed at admission and patients 
were categorized as current smokers or non-current smokers. 
The clinical endpoint of the study was the incidence of major 
adverse cardiac events (MACE), defined as a composite of 

all-cause death, reinfarction and new congestive heart failure 
at 12 months after index infarction. Clinical endpoints were 
assessed by a telephone interview and verified by review-
ing hospital or general practitioner records. The local Eth-
ics Committees approved the study. Informed consent was 
obtained from all individual participants included in the 
study.

Image acquisition and analysis

CMR imaging was performed on 1.5 or 3.0 T scanners using 
a standardized scan protocol described in detail previously 
[21]. Myocardial edema/area at risk (AAR) was derived 
from T2-weighted triple-inversion recovery turbo spin-echo 
images (repetition time 2 × R-R interval; echo time 80 ms; 
flip angle 180°; voxel size 0.71 × 0.71 × 8.0 mm) (Fig. 1) 
[22]. Stacks of short axis images were acquired from base 
to apex with a slice thickness of 8 mm (gap 0 mm). IS and 
MVO were analyzed from T1-weighted inversion recov-
ery turbo gradient-echo sequences (repetition time 2.8 ms; 
echo time 1.1 ms; flip angle 15°; typical spatial resolution 
1.8 × 1.8 × 5 mm) approximately 15 min after administration 
of 0.2 mmol/kg body weight gadobutrol (Gadovist, Bayer-
Schering, Germany) [22]. Left ventricular (LV) function 
and volumes were assessed using a standard steady-state 
free precession sequence with short axis slices covering the 
whole ventricle. LV endocardial and epicardial borders were 
traced manually at end-diastole and end-systole. All partici-
pating centers proved longstanding expertise in performing 
CMR examinations in patients with myocardial infarction 
[15, 16, 18, 23–26]. CMR images acquired at the Heart 
Center Leipzig and the University Heart Center Lübeck were 
analyzed at the CMR core laboratory at the Heart Center 
Leipzig—University Hospital, providing excellent reproduc-
ibility as well as inter-observer and intra-observer variability 
for IS and myocardial salvage assessment [17, 27]. CMR 
images acquired at the Medical University of Innsbruck 
were analyzed at the University Clinic of Internal Medicine 
III, Medical University of Innsbruck by well experienced 
observers. The standardized imaging protocol used at the 
Medical University of Innsbruck recently allowed the par-
ticipation in a multicenter study in STEMI patients [28]. 
Certified CMR evaluation software (cmr42, Circle Cardio-
vascular Imaging Inc., Calgary, Alberta, Canada; IMPAX, 
Agfa HealthCare, Bonn, Germany; ARGUS, Siemens, Erlan-
gen, Germany) was used for image analysis. The area of 
abnormal signal intensity was measured in the T2-weighted 
images and in the corresponding delayed enhancement 
images in each of the short axis slices. AAR was defined as 
signal intensity of > 2 standard deviations of remote myo-
cardium, infarcted myocardium as > 5 standard deviations 
of remote myocardium [22]. Data for myocardial salvage, IS 
and MVO were expressed as percentage of LV myocardial 
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mass (%LV). Additionally, MVO was expressed as percent-
age of IS (%IS). As previously described, myocardial salvage 
was calculated as AAR minus IS. Myocardial salvage index 
(MSI) was calculated as (AAR minus IS)/AAR [17].

Statistical analysis

We used SPSS 20.0.0 (IBM, Armonk, New York) for sta-
tistical analysis. All continuous variables are expressed 
as median and interquartile range (IQR). Categorical 

variables are displayed as frequencies and corresponding 
percentages. To test for group differences the Mann–Whit-
ney U (for continuous variables) or Chi square (for cat-
egorical variables) test was used. Outcome analysis was 
performed using Kaplan–Meier curves with the log-rank 
test for group comparison. Furthermore, the prognostic 
significance of smoking was tested in Cox regression 
analysis. All tests were 2-tailed and p-values < 0.05 were 
considered statistically significant.

Fig. 1   a T2-weighted image in short axis orientation showing high 
signal intensity of the inferolateral segments indicating myocardial 
edema. b The yellow overlay indicates a signal intensity > 2 stand-
ard deviations above remote myocardium (blue contour). c Contrast-

enhanced image showing high signal intensity inferolateral reflecting 
myocardial necrosis. d The green overlay indicates a signal inten-
sity > 5 standard deviations above remote myocardium (blue contour)
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Results

Baseline patient characteristics

CMR datasets were available in 314 patients. Three patients 
were excluded from final analysis due to missing outcome 
data. Baseline clinical and angiographic characteristics of 
the total study cohort and their association with smoking 
status are shown in Table 1. One hundred twenty-two (39%) 
patients were current smokers. Smokers were significantly 
younger (p < 0.001) and less likely to have hypertension 
(p = 0.002) compared to non-smokers. Pre-PCI TIMI flow 
grade was lower in smokers compared to non-smokers 
(p = 0.03). Moreover, pre-PCI (p < 0.001) and post-PCI 
(p = 0.005) TIMI flow grades were significantly lower in 
patients with presence of MVO compared to those with-
out MVO. Pain-to-balloon time did not differ significantly 
between patients with and without MVO (14, IQR 7–26 h 
vs. 20, IQR 7–34 h; p = 0.18).

Smoking and CMR findings

CMR scans were performed 3 (IQR 2–4) days after PCI. 
CMR characteristics of the total study cohort and after strati-
fication for smoking status are shown in Table 2. Data on 
myocardial edema was missing in 16 (5%) patients. Late 
gadolinium enhancement (LGE) was present in 270 (87%) 
patients, showing no significant difference between smokers 
and non-smokers (n = 107, 88% vs. n = 163, 86%; p = 0.74). 
IS was significantly higher in patients with MVO com-
pared to those without MVO in the entire cohort (15.5, IQR 
10.6–20.5%LV vs. 4.1, IQR 1.1–7.7%LV), as well as after 
stratification for smoking status (all p < 0.001). The preva-
lence of MVO (n = 45, 37% vs. n = 57, 30%, p = 0.22) as well 
as MVO (%IS) (p = 0.18) did not differ significantly between 
smokers and non-smokers (Table 2). However, MVO (%LV) 
was significantly higher in smokers compared to non-smok-
ers (p = 0.03). Furthermore, LV end-diastolic (p = 0.005) and 
end-systolic (p = 0.01) volumes were significantly higher in 
smokers compared to non-smokers.

After exclusion of patients with a history of prior myocar-
dial infarction, prior PCI and coronary artery bypass surgery, 
no significant differences in CMR derived infarct character-
istics could be observed between smokers and non-smokers 
(all p > 0.17).

Clinical outcome

Twenty-one (6.8%) patients developed MACE at 12 months 
after index infarction. Patients with a history of prior myo-
cardial infarction, prior PCI or coronary artery bypass 

surgery showed a higher MACE rate at 12 months (n = 6, 
14.6% vs. n = 15, 5.6%; p = 0.04). MACE rates were similar 
in smokers and non-smokers (n = 7, 5.7% vs. n = 14, 7.4%; 
p = 0.65), even after exclusion of patients with a history of 
prior myocardial infarction, prior PCI or coronary artery 
bypass surgery (n = 3, 2.7% vs. n = 12, 7.6%; p = 0.11). 
Accordingly, smoking status was not a significant predictor 
of MACE in univariable Cox regression analysis in the entire 
cohort (HR 0.78, 95% confidence interval (CI) 0.31–1.92, 
p = 0.58), and after exclusion of patients with a history of 
prior myocardial infarction, prior PCI or coronary artery 
bypass surgery (HR 0.35, 95% confidence interval (CI) 
0.10–1.23, p = 0.10). Multivariable analysis was therefore 
abandoned. Kaplan–Meier curves of MACE-free survival 
stratified by smoking status are shown in Fig. 2 without a 
significant difference between groups (log-rank: p = 0.58).

Discussion

This is the first multicenter registry study with a relevant 
patient number evaluating the impact of admission smok-
ing status on CMR-derived myocardial salvage and irrevers-
ible myocardial damage as well as its prognostic value in 
NSTEMI patients undergoing early PCI. The major findings 
are as follows: (1) myocardial salvage, IS and presence of 
MVO were similar between smokers and non-smokers; (2) 
MVO (%LV) and LV volumes were higher in smokers; and 
(3) admission smoking status was not associated with the 
risk for MACE at 12 months. Consequently, these findings 
challenge the existence of a “smoker’s paradox” in contem-
porary NSTEMI patients referred for early PCI therapy.

Smoking status and clinical characteristics

In the present study, smokers were about 10 years younger 
compared to non-smokers and had a more favorable cardio-
vascular risk profile, particularly regarding the presence of 
hypertension. These findings are in accordance with data 
derived from recent studies in STEMI patients [19, 29]. 
Since heart rate, Killip class and presence of ST-segment 
deviation were similar in smokers and non-smokers, the 
lower GRACE risk score observed in smokers is primarily 
attributable to the younger age.

According to pre-PCI TIMI flow grade complete occlu-
sions were more frequently observed in smokers than in non-
smokers, which might be due to prothrombotic effects of 
cigarette smoking [2]. Interestingly, an association between 
smoking status and complete coronary artery occlusions was 
not reported in STEMI patients [19, 29]. One explanation for 
this diverging finding in NSTEMI and STEMI patients might 
be, that the prothrombotic effects of smoking are masked in 
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Table 1   Baseline characteristics of the total study cohort and after stratification for smoking status

Bold values indicate statistical significance (p-value < 0.05)
BMI body mass index; PCI percutaneous coronary intervention; CABG coronary artery bypass graft; ECG electrocardiogram; GRACE global 
registry of acute coronary events; TIMI thrombolysis in myocardial infarction; hs-cTnT high-sensitivity cardiac troponin T

Baseline characteristics Total study (n = 311) Smokers (n = 122) Non-smokers (n = 189) p-value

Age, years 66 (55–74) 58 (51–68) 70 (61–77) < 0.001
Male sex, n (%) 234 (75) 104 (85) 130 (69) 0.001
Cardiovascular risk factors, n (%)
 Hypertension 234 (75) 80 (66) 154 (82) 0.002
 Hypercholesterolemia 120 (39) 49 (40) 71 (38) 0.72
 Diabetes mellitus 85 (27) 28 (23) 57 (30) 0.19
 BMI, kg/m2 27.4 (24.9–30.1) 27.8 (25.2–29.9) 27.2 (24.8–30.4) 0.82

Medical history, n (%)
 Previous infarction 27 (9) 7 (6) 20 (11) 0.15
 Previous PCI 25 (8) 6 (5) 19 (10) 0.14
 Previous CABG 9 (3) 2 (2) 7 (4) 0.49
 Systolic blood pressure, mmHg 140 (120–158) 134 (119–150) 145 (125–160) 0.002
 Heart rate, beats/min 76 (66–85) 78 (66–87) 75 (66–85) 0.49
 ST-segment deviation on admission 

ECG, n (%)
147 (47) 55 (50) 92 (52) 0.72

 GRACE risk score 134 (107–155) 122 (98–151) 137 (114–160) 0.002
Killip class on admission, n (%) 0.66
 1 290 (93) 115 (94) 175 (93)
 2 20 (6) 7 (6) 13 (7)
 3 1(0) 0 (0) 1 (1)
 4 0 (0) 0 (0) 0 (0)

Number of diseased vessels, n (%) 0.88
 1 140 (45) 57 (47) 83 (44)
 2 104 (33) 39 (32) 65 (34)
 3 67 (22) 26 (21) 41 (22)

Pain-to-balloon time, hours 16 (7–32) 18 (7–31) 16 (6–32) 0.48
Anterior infarction, n (%) 108 (35) 37 (30) 71 (38) 0.22
Infarct-related artery, n (%) 0.09
 Left anterior descending artery 108 (35) 37 (30) 71 (38)
 Left circumflex artery 125 (40) 49 (40) 76 (40)
 Right coronary artery 74 (24) 36 (30) 38 (20)
 Left main coronary artery 0 (0) 0 (0) 0 (0)
 Bypass graft 4 (1) 0 (0) 4 (2)

TIMI flow grade pre-PCI, n (%) 0.03
 0 127 (41) 59 (48) 68 (36)
 1 28 (9) 11 (9) 17 (9)
 2 84 (27) 22 (18) 62 (33)
 3 72 (23) 30 (25) 42 (22)

TIMI flow grade post-PCI, n (%) 0.07
 0 7 (2) 1 (1) 6 (3)
 1 6 (2) 0 (0) 6 (3)
 2 30 (10) 15 (12) 15 (8)
 3 268 (86) 106 (87) 162 (86)

hs-cTnT, ng/L 916 (329–2373) 1008 (328–2576) 892 (326–2231) 0.55
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the setting of early administered potent antiplatelet agents, 
as recommended by current STEMI guidelines [30].

Association of smoking with myocardial damage 
and prognosis

Several studies in patients with AMI suggested favorable 
clinical outcome in smokers compared to non-smokers. 
However, the majority of data suggesting these paradoxi-
cal effects of smoking were generated in the thrombolytic 
era primarily including STEMI patients [3–7]. Subsequent 
studies in STEMI patients demonstrated that the favora-
ble prognostic effects seen in smokers are primarily due to 

differences in clinical risk characteristics and do not longer 
exist after multivariable adjustment [31–34]. Accordingly, 
no independent prognostic benefit of smoking could be 
detected by two recent trials in STEMI patients reperfused 
by primary PCI [19, 20].

So far, studies observing the prognostic significance of 
smoking in NSTEMI patients undergoing early PCI are lack-
ing. In the present study, no association of smoking status 
with clinical outcome at 12 months was observed. These 
discrepancies compared to several STEMI cohorts might be 
due to differences in clinical characteristics including age, 
risk profile and comorbidities [35]. Considering the about 10 
years younger age of smokers in the present study, a similar 

Table 2   Cardiac magnetic 
resonance imaging derived 
markers of the total study 
cohort and after stratification for 
smoking status

Bold values indicate statistical significance (p-value < 0.05)
LV left ventricular; MVO microvascular obstruction

CMR parameters Total study (n = 311) Smokers (n = 122) Non-smokers (n = 189) p-value

Area at risk (edema), %LV 20.4 (15.1–25.4) 19.9 (13.8–25.1) 20.7 (15.3–25.6) 0.58
Infarct size, %LV 7.0 (2.3–13.5) 7.2 (2.3–15.7) 7.0 (2.2–12.4) 0.27
Myocardial salvage, %LV 11.2 (6.7–16.7) 10.5 (5.4–15.6) 11.9 (7.4–17.0) 0.12
Myocardial salvage index 65.2 (36.7–82.9) 63.2 (28.9–85.4) 65.6 (42.2–82.9) 0.30
MVO present, n (%) 102 (33) 45 (37) 57 (30) 0.22
MVO, %LV 1.6 (0.8–3.1) 2.0 (0.9–4.7) 1.2 (0.7–2.2) 0.03
MVO, %IS 14.1 (7.1–21.6) 15.0 (7.9–28.9) 13.1 (6.5–21.0) 0.18
LV ejection fraction, % 51 (45–58) 50 (44–57) 51 (45–58) 0.16
LV end-diastolic volume, ml 135 (113–166) 144 (122–172) 131 (107–162) 0.005
LV end-systolic volume, ml 65 (52–87) 69 (54–96) 63 (47–83) 0.01

Fig. 2   Kaplan–Meier curves 
of MACE-free survival, 
stratified by smoking status. 
MACE = major adverse cardiac 
events
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MACE rate compared to non-smokers may even indicate a 
bad sign. This finding might suggest worse outcome in the 
smoking group in the long run.

The pathophysiological mechanism linking smoking sta-
tus to clinical outcome is controversially discussed. Some 
studies in STEMI patients suggested increased myocardial 
salvage and less severe myocardial damage in smokers [8, 
9, 36]. However, none of these studies used CMR imag-
ing, which is nowadays the undisputed reference technique 
to quantify myocardial injury after myocardial infarction 
[10–13, 16]. Recently, two studies did not show an associa-
tion between smoking status and CMR-derived myocardial 
salvage, IS and microvascular injury in STEMI patients [19, 
20]. For the first time, the present study analyzed the asso-
ciation of smoking with CMR-derived infarct characteris-
tics in mechanically reperfused NSTEMI patients. Similar 
to data derived from STEMI cohorts, we could not detect 
significant differences in myocardial salvage and IS with 
regard to smoking status. Controversial findings exist regard-
ing the presence and extent of MVO. Whereas the preva-
lence of MVO was similar, the extent of MVO (%LV) was 
larger in smokers than in non-smokers. However, this finding 
should be interpreted with caution. First, MVO was present 
in only 33% of patients. Second, the association of smoking 
and MVO did not longer exist if expressed as percentage of 
IS (MVO %IS). Considering the higher IS in patients with 
MVO, this finding theoretically suggests also an associa-
tion of smoking and IS. However, IS and myocardial sal-
vage were similar in smokers and non-smokers. Another 
finding of the present study was that LV end-diastolic and 
end-systolic volumes were higher in smokers compared to 
non-smokers. Interestingly, similar findings were recently 
published for STEMI patients [29]. While the pathophysi-
ological mechanism for this association is unknown so 
far, higher LV volumes might reflect the development of 
post-infarction LV remodeling, which however cannot be 
addressed by the present study.

Limitations

Several limitations must be taken into consideration. First, 
the present study was a subanalysis of a registry study and 
consequently, common limitations of registry studies are 
also applicable to the present analysis. Second, patients 
could only be categorized as current smokers and non-cur-
rent smokers at the time of hospital admission. Data regard-
ing smoking history, habits and pack years were not avail-
able in the present study. Therefore, a larger study, allowing 
for a more detailed patient characterization, should be per-
formed in the future. Third, this registry study also included 
patients with a history of prior myocardial infarction, prior 
PCI and coronary artery bypass surgery. Not surprisingly, 
these patients showed a higher MACE rate 12 months after 

index infarction compared to those without prior coronary 
events. However, associations between smoking status 
and CMR derived infarct characteristics as well as clinical 
outcome did not change after exclusion of these patients. 
Fourth, in the present study CMR imaging was restricted to 
a single time-point at baseline precluding the assessment of 
LV remodeling as previously described in STEMI patients 
[29]. This important issue should be further investigated 
in future trials. Furthermore, the missing effect of smok-
ing status on clinical outcome in the present study should 
be interpreted aware of the limited event rate. Therefore, to 
confirm our findings larger studies are needed in the future.

Conclusions

In this prospective, multicenter, registry study of NSTEMI 
patients undergoing early PCI, active smoking at the time 
of hospital admission was neither associated with increased 
myocardial salvage nor less severe myocardial damage. 
Clinical outcome at 12 months was similar in smokers and 
non-smokers.
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